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Abstract
There has been a steady growth of grid connected power electronic (PE) equipment
over the last few decades. More recently this rate of growth has been quite notable
related to both low power level (eg. domestic solar photovoltaic systems, electric
vehicles chargers) and high power levels (eg. large solar and wind farms, voltage
source converters in HVDC and MVDC applications). The associated concerns on
harmonics injected by these installations have also grown at the same time. Over
many years harmonic frequency range of interest has been limited up to 2 kHz, how-
ever, in the recent years this interest is seen to have extended to higher frequencies
up to 150 kHz because of the above growth of grid connected PE equipment. In
addition, power line carrier (PLC) communication systems associated with smart
metering are also seen to be growing, especially in Europe, which inject narrow band
signals having frequencies ranging from 3 kHz to around 500 kHz superimposed on
the mains supply. There exists a significant wealth of knowledge and expertise re-
lated low frequencies up to 2 kHz associated with their emission, immunity and
propagation in power systems. However, there is a compelling need to advance
the knowledge related to frequencies beyond 2 kHz up to 150 kHz so that existing
knowledge gaps can be filled facilitating the ongoing research and development ef-
forts. This elevated frequency range is commonly associated with the nomenclature
“supraharmonics” or simply higher frequencies (HF).
Associated with supraharmonics, some of the key areas where new knowledge
need to be developed are associated with their measurement, emission characteris-
tics, impact on equipment life time, propagation in electricity networks, and device
modelling in the frequency range of 2 - 150 kHz.
In addressing the above, the key contributions made in this thesis are;
• A digital, zero-phase filter that can be used to measure HF emissions without
any phase distortion such that the phase information of HF signals is not lost
during the measurement process
iii
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• An experimental study on HF emission characteristics of common HF sources
(ie. solar PV inverters and electric vehicle chargers) to better understand their
HF emission characteristics
• A generic process (presented as a step-by-step guideline) that allows the de-
velopment of HF models of small-scale, grid-tied, single-phase PV inverters
using a black box modelling approach as an initial step for establishment of
HF models of PE equipment
• HF models of three commercially available, single-phase, grid-tied PV inverters
from three leading PV inverter manufacturers as a validation of the proposed
HF model development methodology
• Application studies showcasing how to use the developed HF models in theo-
retical studies/simulations
• An investigation of the impact of HF emissions on the lifetime degradation
of grid connected electronic equipment powered by small switch mode power
supplies.
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The terms higher frequency (HF) emissions and “Supraharmonics”, commonly refer
to voltages and/or currents in the range of 2 - 150 kHz in electricity distribution
networks [1]. These mainly originate from power line carrier (PLC) communication
and power electronic (PE) equipment [1–3]. In narrowband PLC communication,
HF voltages are intentionally superimposed on the mains supply for communication
purposes whereas the internal switching operation of PE equipment causes uninten-
tional HF emissions.
The frequency range below 2 kHz has been extensively studied over many years as
it has been a range of concern in power systems whereas the frequency range above
400 kHz has been studied due to electromagnetic (EMC) interference and tran-
sients. However, the attention paid to HF distortions in traditional power quality
studies has been limited as those were not commonly found in electrical distribu-
tion networks before the introduction of narrowband PLC communication and self
commutating PE equipment.
Due to the increased use of PLC communication for smart metering and sustain-
able initiatives such as distributed generation, electric vehicles and energy efficient
equipment, more and more HF sources are being added to modern electricity distri-
bution networks [4,5]. Despite being HF sources, PLC communication systems and
1
2
PE equipment can get disturbed by high levels of background HF emissions [1,6–8].
Consequently, the modern electricity distribution networks have become vulnerable
to power quality issues related to HF distortions.
The repercussions of HF distortions are identified as disturbance to PLC commu-
nication, malfunction and destruction (on rare occasions) of grid connected equip-
ment, resonance, audio noise generation and lifetime degradation of grid connected
equipment [1,4]. While there are increasing number of complaints related to HF re-
lated issues, the scale of these issues are not fully understood yet and their economic
impact should not be ignored [5].
International bodies such as IEEE and IEC have now identified the requirement
of a complete set of international standards pertaining to HF distortions. This is ev-
ident from the release of IEC 61000-2-2:2002+A1:2017+A2:2018 standard specifying
the compatibility levels in the frequency range of 2 - 150 kHz for public low voltage
networks [9]. However, there is still a lack of complimentary standards related to
measurement, emission and immunity. For instance, there are several different rec-
ommendations that exist for the measurement of HF distortions in IEC 61000-4-7,
IEC 61000-4-30 and CISPR 16 [10–12]. Moreover, HF emissions from PE equipment
are not properly controlled by any international standard, except for CISPR 15 and
CISPR 14-1 that specify the emission limits of lighting equipment and induction
cookers in the range of 9 - 150 kHz [13, 14]. Further, HF immunity standards for
grid connected equipment are yet to be developed.
Taking the advantage of the absence of a comprehensive set of HF emission
standards, equipment manufacturers have shifted the switching frequencies of their
PE equipment to the frequency range of 2 - 150 kHz. By doing so, they are able to
comply with the stringent harmonic standards below 2 kHz, eliminate audio noise
generation and reduce size, weight and cost of their products [3,15]. Therefore, the
increased penetration levels of such PE equipment within electricity distribution
networks can further aggravate the HF related issues described above. Often, the
victims of such issues are the electricity users who have little or no understanding on
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HF distortions or power quality in general. Therefore, it is important to regulate HF
emission levels to ensure safe and trouble free operation of electricity distribution
networks.
Figure 1.1 is a mind map of different aspects related to HF distortions (supra-
harmonics) indicating the key factors discussed above. These factors are strongly
interrelated to each other and it is difficult to draw clear boundaries between them.
The contributions of this thesis are related to measurements, emissions, HF models,
effects and standardisation.
Figure 1.1: Different aspects of research related to Supraharmonics
1.2 Research Objectives and Methodologies
As stated in Section 1.1, there is a lack of measurement and emission standards
related to HF distortions that are crucial to the development of relevant standards.
The most significant challenge related to standardisation work is the lack of existing
knowledge in this filed. Therefore, the aim of this thesis is to broaden the current
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understanding related to HF distortions, thereby facilitating the development of
standards covering HF distortions. In order to achieve this goal, following objectives
are met in this thesis:
• Exploration of improved HF measurement methods
• Investigation of emission characteristics of major HF sources in the LV elec-
tricity distribution network
• Development of a step-by-step methodology to model commercial, small-scale,
single-phase, grid-tied PV inverters in the frequency range of 2 - 150 kHz
which lays a foundation for the development of such models for grid connected
equipment
• Development of HF models of commercial PV inverters
• Studies encompassing the behaviour of HF distortions within a domestic in-
stallation
• Exploration of the impact of HF distortion levels on the lifetime of grid con-
nected equipment
Note that the studies/experiments presented in this thesis are limited to single-
phase installations in the low voltage networks due to the unavailability of suitable
measuring equipment/transducers to carry out measurements in either high voltage
networks or three-phase installations.
As stated in Section 1.1, the current understanding pertaining to HF related
matters is very limited. For instance, there is no universally accepted procedure
to measure HF emissions except for the several different recommendations made in
the informative annexes of CISPR 16, IEC 61000-4-7 and IEC 61000-4-30 standards
[10–12]. Only a very few equipment models suitable for HF studies are available
to date including a time domain model of an EV charger and a frequency domain
model of a vacuum cleaner [1]. Despite the increasing number of complaints received
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related to HF distortions, comprehensive study outcomes related to the effects of
HF distortions are not available to date.
At present, conducting a complete theoretical analysis of HF distortions is not
feasible due to the limited pre-existing knowledge. As HF studies are still at their
infancy, experimental studies tend to provide information of greater practical im-
portance, such as discovery of a new phenomenon associated with HF distortions
or identification of influencing factors of an observed phenomenon. Consequently,
most of the work presented in this thesis is based on experimental studies. The
experiments conducted for the work presented in this thesis span from field mea-
surements to fully controlled experiments conducted under laboratory conditions.
Whilst PSCAD/EMTDC simulations have been used for results validation and cir-
cuit level studies, MATLAB has been extensively used for optimization, curve fitting,
filtration and data processing. Further, analytical studies such as proofs, derivations
and circuit theory analysis have been carried out where necessary.
1.3 Thesis Outline
This thesis is organised as follows:
A comprehensive literature review including up-to-date findings related to the
origin, sources, measurement methods, propagation and effects of HF distortions is
presented in Chapter 2. It also presents up-to-date information related to standar-
dising work on HF distortions and development of HF models for PE equipment.
In Chapter 3, the process of measuring HF emissions used in the work related
to this thesis is explained in detail. Further, post-measurement data processing
techniques utilised in preparing the acquired data ready for analysis are described.
This chapter also presents the synthesis of an offline, digital, zero-phase, high pass
filter that exhibits improved magnitude and phase characteristics compared to the
existing high pass filters used for HF measurements so far.
HF emission characteristics of some commonly used equipment such as air-
conditioners, televisions, and refrigerators are explored in Chapter 4. Motivated
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by this work, emission characteristics of photovoltaic (PV) inverters and electric
vehicle (EV) chargers are further explored in the same chapter. Consequently, the
behaviour of HF emissions from small-scale (< 5 kW), grid-tied, single-phase PV
inverters are examined. The impact of inverter output power (Pout) and the maxi-
mum power point tracking voltage (VMPPT ) on the HF emissions from PV inverters
is explored considering different inverter topologies. Further, HF emissions from two
EVs are studied in Chapter 4. HF distortions resulting from the charging of these
EVs are analysed when they are being charged by an offline charging station (DC
fast charger) as well as by their own on-board chargers as there are noticeable dif-
ferences between the two charging approaches. A relationship has been established
between the fundamental charging current and the corresponding HF current.
Presented in Chapter 5 is a generic method to develop HF models of any commer-
cial, small-scale, grid-tied, single-phase PV inverter based on controlled experiments
using a black box approach. This method serves as a step-by-step guideline to model
single-phase PV inverters in the frequency range of 2 - 150 kHz and provides use-
ful insights into modelling of any grid connected HF source in the aforementioned
frequency range. The model development process includes controlled experiments,
data processing, optimisation and curve fitting. Further, three small-scale, grid-tied,
single-phase PV inverters from three leading inverter manufacturers were modelled
according to the proposed method demonstrating the high level of confidence that
can be placed on the modelling approach developed.
In Chapter 6, application studies using the developed HF models of the PV
inverters are presented where HF emissions from the modelled PV inverters under
different grid HF impedance conditions are studied. Simplified HF models of several
household devices are developed under specific conditions to model two modern
domestic environments with PV inverters. The results of these application studies
are experimentally validated using two model houses developed in the laboratory.
Further, these studies explore the propagation behaviour of HF emissions in domestic
electrical installations enabling identification of equipment that are at a higher risk
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of subjecting to higher frequency emissions.
Motivated by the findings of Chapter 6, Chapter 7 is dedicated to explore lifetime
degradation of grid connected equipment in the presence of HF distortions that is
considered as one of the major consequences of HF emissions. In this regard, the
lifetime of electrolytic capacitors used as the DC link in small (< 75 W) switch mode
power supplies (SMPS) with no power factor correction are considered as such power
supplies are a common system in many grid connected equipment. Using controlled
laboratory experiments, it is shown that HF distortions have a detrimental impact
on the useful lifetime of these electrolytic capacitors. Further, the influencing factors
pertaining to the lifetime degradation of electrolytic capacitors used as the DC link
in small SMPS are identified.
Finally, in Chapter 8, the key research contributions of the work presented in
this thesis are summarised. Further, recommendations are made for future research




This chapter presents a literature review on different aspects of HF distortions rel-
evant to the work presented in this thesis. All key areas of HF distortions, namely:
emission, measurements, effects, mitigation, propagation, HF models and standard-
isation are discussed.
2.2 Origin of HF Emissions and HF Sources
As stated in Chapter 1, voltages and/or currents in the frequency range of 2 - 150 kHz
are referred to as higher frequency (HF) emissions, high frequency emissions or HF
distortions [1]. HF distortions are different to harmonics in their origin, propagation
and effects [16–18]. The origin of HF distortions in electricity distribution networks
can be classified into two main categories, namely; intentional emissions and un-
intentional emissions. Intentional HF emissions are caused by power line carrier
(PLC) communication systems whereas unintentional emissions are a result of the
internal switching operation of grid connected equipment with power electronic (PE)
interfaces [19].
In PLC communication, high frequency (3 - 500 kHz) or very high frequency
(1.8 - 250 MHz) voltages are superimposed on the mains voltage. These HF volt-
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ages travel through the electricity distribution network or the reticulation system
of an electrical installation providing a low cost means of communication [20]. PLC
communication can be classified into two main categories; narrowband and broad-
band [21]. Narrowband PLC communication uses the frequency range of 3 - 500 kHz
and is used for long range (up to several kilometres) communication whereas broad-
band PLC communication utilize the frequency range of (1.8 - 250 MHz) and usually
operate only within a short range [22].
Recently, the use of narrowband PLC communication has gained popularity, par-
ticularly in Europe due to its applications in smart grids, such as smart metering
and power quality monitoring [21, 23]. Further, its applications in smart energy
generation such as in micro-inverters of solar PV generation indicates increasing
popularity [24]. Though narrowband PLC communication is responsible for gener-
ation of intentional HF emissions, PLC communication is present only for a limited
period of time and are regulated by EN 50065 [25].
Whilst PLC communication results in intentional HF emissions, almost all the
grid-connected power electronic equipment with internal switching operation con-
tribute to non-intentional HF emissions. In the present day, most power electronic
converters are self commutated and use pulse width modulation (PWM) [26]. Fur-
ther, increasing number of equipment such as computer power supplies and LED
(light emitting diode) drivers use active power factor correction (PFC). Both PWM
switching and active PFC are done at high frequencies giving rise to HF emis-
sions [27].
There are a few reasons for equipment manufacturers to select switching fre-
quencies in the range of 2 - 150 kHz. Voltage and current emissions below 2 kHz
are regulated by stringent harmonic emission standards which are well established,
and conducted and radiated emissions above 400 kHz are tightly regulated to limit
electromagnetic disturbances. However, except for CISPR 15 and CISPR 14-1 that
specify emission limits of lighting equipment and induction cookers in the range of
9-150 kHz, no emission standards exist for HF distortions to date [13, 14]. Conse-
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quently, equipment manufacturers are tempted to shift the switching frequencies of
their products into the HF range to comply with the strict emission standards re-
lated to low order harmonics [3,15]. Furthermore, higher switching frequencies lead
to reduced size, weight and cost of the products with electronic power supplies [28].
Moreover, some equipment such as transformer based inverter systems exhibit an
improved efficiency at higher switching frequencies [28]. All these have resulted in
a shift of switching frequencies into the range of 2 - 150 kHz.
HF emissions at a device terminal are classified into two categories: primary
emissions and secondary emissions. Primary emissions consist of currents/voltages
emitted by the device itself whereas secondary emissions refer to currents/voltages
that appear at the terminals of the device due to background high frequencies [2,
16, 27, 29, 30]. Whilst HF emissions from many equipment are small under perfect
sinusoidal supply conditions, they become considerably high when supplied with a
distorted mains voltage waveform with a pointed or flat top: conditions that are
common in electricity distribution networks [27]. Further, HF emissions from a
given device vary significantly based on the grid impedance corresponding to the
emission frequency [27].
HF emissions from a PWM converter with a capacity of 1 MVA are discussed in
[8] and in [31] HF emissions from several different industrial converters are discussed.
Emissions from power converters directly connected to the grid in an experimental
microgrid having PV inverters and PLC equipment are analysed in [32].
HF emissions from several equipment such as solar PV inverters, LED lamps and
fluorescent lamps with electronic ballasts are investigated in [2, 33]. In [2, 34] it is
shown that HF emissions from LED lamps vary in a very short span of time, even
within one cycle at power frequency. The same phenomenon is presented in [33,35]
with regard to fluorescent lamps with high frequency ballasts. It is shown that
fluorescent lamps with high frequency ballasts exhibit recurrent oscillations as the
supply voltage passes through zero crossings [33,35]. Furthermore, it is stated that
the HF emissions of these lamps vary between the frequency ranges of 2 - 9 kHz and
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9 - 150 kHz. The distortion in the frequency band 2 - 9 kHz (recurrent oscillations)
increase with the number of lamps whereas the distortions in the frequency range
of 9 - 150 kHz is independent of the number of lamps. The spectrogram related
to voltage caused by one fluorescent lamp with higher frequency ballast is shown
in Figure 2.1 [35]. Colours indicate the level of HF emissions, with red indicating
the highest and blue being the lowest. The red curves exhibit the variation of
HF emissions with time and frequency and the vertical red lines indicate recurrent
oscillations. The horizontal red line is caused by the measurement equipment and
is not related to the HF emissions of the fluorescent lamp.
Figure 2.1: Voltage caused by one fluorescent lamp with high frequency ballast
extracted from [32]
In [29], primary and secondary HF emissions from different LED lamps (street
lamps and industrial lamps) are presented where it is shown that HF emissions are
significantly higher when used in different industrial locations compared to the HF
emissions measured in the laboratory. According to [36], the HF emissions up to
9 kHz from high pressure sodium (HPS) lamps with electronic ballasts have been
found to be less compared to lamps with electromagnetic ballasts. However, the
opposite was the case beyond 9 kHz.
In [5], the HF emissions from level 1 and 2 electric vehicle (EV) chargers are
analysed using controlled laboratory measurements under standard supply condi-
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tions based on six different EVs. It is shown that HF emissions from different EVs
vary in frequency, emission level, and the number of different emission stages fol-
lowed during one charging cycle. According to this study, HF emissions from some
EVs are narrowband whereas some are broadband. A similar study is presented
in [37] where HF emissions from four different types of EVs have been analysed un-
der laboratory conditions. However, none of these studies have considered off-board
EV charging stations.
In [7], a survey of HF emissions from PV inverters is presented. In [15], HF
emissions from a large three phase PV system are analysed and a difference across
the emissions from the three phases is reported. Further, HF emissions below 10 kHz
have been found in several large solar farms [15,38,39]. Moreover, solar PV inverters
emitting variable frequency HF emissions up to 2% of fundamental current have been
reported in [40]. According to [41], a solar farm with mixed PV inverters has led to
HF emissions at 3 kHz, 6 kHz and 9 kHz caused by large inverters and at 10 kHz,
16 kHz and 25 kHz caused by small inverters. In [7], HF emissions up to 1 V in the
range of 16 - 19 kHz are reported form PV inverters connected to public low voltage
networks.
In [23], unintentional HF emissions from distributed energy resources including
a hydro power system, battery charger, wind turbine and PV inverters have been
analysed and compared to the limits recommended by regulatory bodies for spurious
emissions from communication systems up to 500 kHz. Based on a study conducted
using multi-level converters in grid-tied PV inverters, [42] shows that the choice of
the multi-level inverter topology has an expressive influence on the emission in the
HF range.
2.3 Analysis and Characterisation of HF Measurement Data
Measurement of HF emissions is a vital part in studying HF distortions. There-
fore, measurement equipment and methods should be carefully chosen to avoid any
measurement artefacts [33]. Signal filtering, length and number of gaps in the mea-
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surement interval, bandwidth and aggregation method are major parameters which
influence HF measurements [27].
Once a HF measurement is taken, it can be analysed in time domain, frequency
domain or time-frequency domain [1]. In [43], it is stated that for comprehensive
analysis of HF emissions and interactions, particularly in the case of troubleshooting,
frequency domain analysis alone may not be sufficient and further analyses in time
domain as well as combined time-frequency domain may be required. For instance,
in order to study recurrent oscillations presented in [33], a conventional spectrum
or a spectrogram is not sufficient. Consequently, a time-frequency domain analysis
known as Estimation of Signal Parameters via Rotational Invariance Techniques
(ESPRIT) is utilised [1]. If the amplitude or frequency of the analysed signals vary,
a combination of averaging techniques and sufficiently long measurement intervals
should be used [10].
In frequency domain analysis, Fast Fourier Transform (FFT) provides accurate
results for steady signals only. As a result, combined time-frequency analysis has
been used in studying variable HF emissions where short time Fourier transform
(STFT) has become popular. Unlike FFT where the whole signal is used to produce
one spectrum, in STFT, the signal is divided into smaller windows and a spectrum
is generated for each window. These windows can be selected with or without
overlap. Subsequently, these spectra are combined in time to create a time-frequency
representation of the signal [33]. While STFT is useful for global evaluation of
HF distortions, due to fixed frequency resolution and spectral leakage, it fails to
provide detailed information on each frequency component. This issue is particularly
problematic when analysing wideband signals [44]. As a solution, sliding-window
ESPRIT has been proposed for analysing HF measurements in [44].
Shown in Figure 2.2 is a schematic representation of the wavelet-modified ES-
PRIT hybrid method for assessing spectral components from 0 - 150 kHz [44]. Based
on the maximum frequency (fmax) and the separation frequency of the bands (fbs),
the number of decomposition levels is calculated followed by adequate re-sampling of
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the waveform. In the next step, the discrete wavelet transform (DWT) decomposes
the waveform into a low frequency band and a higher frequency band. Subsequently,
these two waveforms are separately analysed using a sliding-window modified ES-
PRIT method. As low frequency harmonics and HF distortions differ in many
aspects such as their energy content, synchronisation with fundamental frequency
and variations with time, they require different frequency and time resolutions. The
proposed method facilitates analysis of different frequency bands with different fre-
quency and time resolutions. However, detailed time-frequency analysis methods are
not yet included in the recommendations made by the international standardising
bodies for measurements related to HF distortions [10–12,25].
Figure 2.2: A schematic representation of the wavelet-modified ESPRIT hybrid
method [43]
Currently, HF emissions from a device under laboratory conditions are mea-
sured according to CISPR 16 and EN 50065-1 whereas HF measurements related
to power quality investigations and surveys can be carried out according to the
recommendations made in IEC 61000-4-7 and IEC 61000-4-30 [10–12, 25, 45]. The
recommendations made in both IEC 61000-4-7 and IEC 61000-4-30 are informative
and can become normative in their future editions [10,11]. Informative Annex B of
IEC 61000-4-7 standard covers measurements up to 9 kHz whereas Informative An-
nex C of IEC 61000-4-30 presents three different methods to measure HF emissions
up to 150 kHz starting from 9 kHz. Different recommendations made in these stan-
dards pose questions such as which method to be used for setting emission limits,
and if different methods are accepted, would they deliver comparable results [45].
According to IEC 61000-4-7, it is recommended that HF measurements col-
lected from appropriate voltage/current sensors be analysed using a discrete Fourier
transform (DFT) method such as FFT. It is suggested to use a rectangular data
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acquisition window of 200 ms, corresponding approximately to 10 fundamental pe-
riods of a 50 Hz system, resulting in 5 Hz resolution in the output spectrum (YCf ).
It is further noted that HF measurements do not require a high resolution in the
frequency domain and it is customary to group the energy of the signal into pre-
defined frequency bands of 200 Hz (YB,b) according to (2.1) where “b” stands for
the centre frequency of the aggregated frequency band. Here, 200 Hz has been
chosen in accordance with the bandwidth used in CISPR 16 for frequencies above
9 kHz. Moreover, the frequency bands should be chosen as shown in Figure 2.3. In
IEC 61000-4-7, considering the small magnitudes of the signals to be measured, a
bandpass filter is recommended to attenuate the fundamental and the components
above 9 kHz whereas the attenuation of the fundamental frequency should exceed
55 dB. Otherwise, as stated in [46], a measuring equipment with a resolution of
at least 24 bits and 1 MHz or higher sampling rate is required to directly measure
HF emissions that are superimposed on the supply voltage. In contrast, [47] states
that a measuring equipment with a resolution of 16 bits or more has the capacity






Figure 2.3: Illustration of frequency bands for measurement in the range of 2 - 9 kHz
[8]
According to Annex C of IEC 61000-4-30, the understanding related to HF mea-
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surements are still evolving and the guidelines provide only general guidance. While
CISPR 16-2-1 considers phase-to-earth measurements and IEC 61000-4-7 phase-to-
neutral measurements, IEC 61000-4-30 does not specify a physical connection. In
IEC 61000-4-30, three methods of measurement in the range of 2 - 150 kHz are pro-
posed. The first is to employ the method used in CISPR 16-2-1 and the second is
to extend the method presented in IEC 61000-4-7 up to 150 kHz. The third method
involves taking 32 equally spaced measurements based on a 10 cycle interval (for a
50 Hz system) consisting of 512 samples collected at a sampling rate of 1024 MHz.
Consequently, analysis based on DFT or equivalent would yield results with 2 kHz
resolution. A cascaded high pass filter and a low pass filter are recommended with
the high pass filter having 2 poles and 3 dB point at 1.5 kHz or higher and the low
pass filter having 4 poles and 3 dB point at 200 kHz.
It is also stated in IEC 61000-4-30 that the first method (CISPR-16-2-1 method)
may not be suitable for in-situ measurements as it could be complex or expensive to
implement. Further, it is noted that due to the gaps in the measurements, the third
method suggested may not be suitable to measure certain amplitude modulated
signals. Further, inability to differentiate HF phenomena within the same frequency
segment due to the use of 2 kHz frequency bands is yet another drawback of the
third method proposed. Consequently, most of the HF measurements are carried
out according to the second method proposed in IEC 61000-4-30 by extending the
measurement method presented in IEC 61000-4-7 up to 150 kHz [7,48,49].
In [45], based on a detailed analysis of measurement methods for HF emissions, a
200 Hz bandwith is considered adequate. Further, to obtain a reliable representation
of the signal characteristics, gap-less measurements or measurements with gaps that
are not synchronised with the fundamental frequency are proposed. It is noted
that 200 Hz bands have been used in [29] as well, to analyse HF emissions from
LED lamps used in industrial locations. However, in [7], it is stated that 200 Hz
aggregation bands are not optimal for measuring HF emissions from PV inverters.
Instead, a freely chosen aggregation band of 600 Hz covering the HF emission band
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or a band of 800 Hz based on four consecutive 200 Hz bands is suggested. In [45],
it is noted that even a small variation of the distortion frequency can give rise to
considerable variations between adjacent frequency bands when sharp boundaries
are used between frequency bands. As a solution, it is recommended to use two
spectra one shifted against the other by half a bandwidth.
As supply frequency undergoes small continuous variations, if fundamental fre-
quency component is not filtered out from the measurements, it can cause spectral
leakage when Fourier analysis is performed making it difficult to identify HF sce-
narios [45]. Therefore, in grid HF measurements, an analogue high-pass (HP) filter
is required for measuring equipment with a resolution of 12 bits or lower whereas
a digital HP filter can be used along with measuring equipment having a 16 bit or
higher resolution [47].
Up to now, only limited information is available on filters that can be used for HF
measurements. In [33], an analog, Butterworth, second-order, bandpass filter having
3 dB cut-off frequencies at 3 kHz and 1 MHz is presented for use in HF measure-
ments. This filter is expected to sufficiently attenuate the fundamental component
while limiting the risk of aliasing at the same time (the sampling frequency of the
measuring device is 10 MHz). The 55 dB attenuation at the fundamental frequency
(50 Hz in this case) recommended by the standard IEC 61000-4-7 is successfully
achieved in this filter. Another HP filter suitable for HF measurements is presented
in [47] where both analog and digital realizations of an elliptic, third order, HP
filter (stopband and passband frequencies at 209 Hz and 2 kHz, respectively) are
employed. These filters yield a stopband attenuation of 62.9 dB with a passband
ripple of 0.0436 dB.
New indices related to analysing/representing HF emissions are suggested in [50],
namely maximum value, total HF current, emission scattering, and half-cycle sym-
metry. Similar work is presented in [51]. In [52], some of the power quality indices
have been modified to evaluate both low frequency and higher frequency emissions
using the sliding-window wavelet-modified ESPRIT method (SWWMEM) proposed
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in [44]. It is stated that these indices are useful in characterising problems such as
overheating, equipment malfunction, hysteresis losses and eddy current losses. The
weaknesses of using 200 Hz band for characterisation of HF distortions is outlined
in [53] along with recommendations to improve standards related to measurement
of HF distortions. Further, the need for further research is also emphasised in [53].
2.4 Effects of HF Emissions
Impacts of HF distortions consist of, but not limited to, malfunction of sensitive
equipment, reduction of lifetime of equipment, audio noise generation, resonance
and disturbance to PLC communication [1]. In [4], the impact of HF interferences
is studied under four categories: additional heating of circuit elements, generation
of audible noise due to excitation of mechanical resonances, malfunction of non-
communicating equipment and malfunction of communication systems (ie narrow-
band PLC).
In [20], five possible interactions between PLC communication systems and end
user equipment are discussed. These undesirable interactions are: disturbance to
PLC communication due to HF emissions from end user equipment, attenuation
of PLC communication signals due to low impedance paths provided by end user
equipment, malfunction and/or lifetime reduction of end user equipment due to
large currents caused by PLC communication signals, non-liner equipment causing
new frequency emissions and related issues when subjected to PLC communication
signals and malfunction of end user equipment due to voltage distortions caused
by communication signals. The noise experienced by PLC communication due to
a compact fluorescent lamp, a vacuum cleaner and a television is presented in [54].
Further, according to [1], increased noise level and low impedance paths provided
by PE equipment have been identified as major reasons behind PLC communication
issues in [55].
Interference between PLC communication and end user equipment resulting in
malfunction of touch-dimmer lamps and issues related to smart metering are de-
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scribed in [1], [6]. In [7], HF interaction between a CNC (computerised numerical
control) mill and domestic/commercial electricity users are presented where noise
from a television set, malfunction of a hair dryer, failure of operation of an auto-
mated coffee machine during day time and periodic malfunction of the controller of
the CNC milling machine are reported.
In [56], HF interferences between PE equipment and DG systems are presented
where HF voltages at 80 kHz have caused loss of control of the tracking motors
responsible for alignment of solar panels. In [30], interaction between neighbouring
devices is studied using an EV, microwave oven, television and LED lamps. Similar
interactions are presented in [57] as well.
Further in [56], HF interactions between two EVs during charging are described.
As stated in [8], malfunctioning of equipment which use radio signals at 77.5 kHz
for internal clocks has occurred due to interference with radiated HF emissions.
Intermodulation distortion caused by an interaction between an EV and a PV in-
verter is presented in [58]. It is also shown that intermodulation between devices
does not occur always, but when it does, immunity issues can arise in neighbouring
equipment.
According to [6], a large rectifier has caused malfunctioning of LED dimmers
in nearby offices. In Japan, unnecessary tripping of earth leakage current breakers
due to HF distortions in the range of 2 - 9 kHz is reported [59]. More cases of
HF interference with medical equipment, electricity meters, earth leakage current
breakers and LED dimmers are reported in [60]. Further examples of interference
of HF emissions with LED lamps can be found in [61].
In [62], typical mass-market household devices are categorised into three groups
based on their topology, namely; bridge rectifier with electrolytic output capacitor,
capacitive LED power supply and active power factor correction with boost con-
verter. Based on a measurement survey, it is concluded that bridge rectifiers with
the capacitive dc links are affected by HF distortions whereas active PFC circuits
remain almost unaffected.
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According to IEC 61000-2-2, the production of acoustic noise can be caused by
voltage components up to 15 kHz of which the amplitude is equal to or greater
than 0.5% [9]. The noise will depend on the frequency and the type of equipment
influenced. In [63], an overview of acoustic noise generation mechanism is presented
with survey results of noise emissions from 103 household devices. It is stated
that the highest emissions were seen in open power supply units. As summarised
in [1], voltage distortions at around 12 kHz giving rise to mechanical oscillations
and acoustic noise have been reported in [8].
Audible noise from an inverter driven motor is reported in [64] and [65] whereas
audible noise from a television due to HF distortions is reported in [7]. Further,
according to [56], the operation of a nearby CNC machine for mould making has
caused an electric hob to produce strong whistling noise at 5 kHz, 10 kHz and
20 kHz. HF distortions associated with a wind farm causing household equipment
to emit loud noises is reported in [56].
Using simulation and measurement results, it is shown in [66] that parallel and
series resonance at high frequencies can occur when a voltage sourced converter
(VSC) is connected to the power system through a cable, and hence it is critical to
perform analysis for HF resonance prior to installation. Further details related to
HF resonances can be found in Section 2.6.
Total equipment failures due to HF emissions are rare, however, as stated in [1],
a regular failure of small drives due to about 1% voltage oscillations in HF range, a
violent failure with black smoke of a precision measurement instrument and failure
of varistors due to repetitive activation by recurrent HF voltage oscillations are
recorded in [8]. In [56], a solar farm absorbing HF currents of 5 kHz and 10 kHz
mitigating grid HF emissions caused by a nearby industrial site is reported. It is
stated that continuous absorption of HF energy could reduce the lifetime of these
PV inverters. Further, according to IEC 61000-2-2, the performance of electronic
electricity meters can be affected in the presence of HF distortionswhere some meters
indicate incorrect readings [9].
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In [2], a short, yet important insight is given on the impacts of HF components
present in the grid supply on the lifetime of electrolytic capacitors. The reduction
of lifetime of electrolytic capacitors is particularly harmful when associated with
EMC filters of grid connected equipment as the affected equipment will continue
to operate without any indication of the failure, yet emitting more HF distortions
leading to EMC issues [2, 9]
It is stated in IEC 61000-2-2 that accelerated ageing of some mass-produced
products such as LED lamps can occur due to the presence of HF distortions in the
supply voltage [9]. The effect of HF content in the supply voltage on the lifetime
of grid connected equipment with small power ratings (< 75 W) is discussed in [67]
employing temperature rise measurements of electrolytic capacitors used in three
lamps. In [68], an iterative method to calculate the core temperature rise and thus
the lifetime of an electrolytic capacitor using laboratory experiments is presented.
The subsequent analysis in [68] is based on an individual capacitor supplied with
a single HF signal. Operating temperature, frequency and the amplitude of the
applied HF signal are identified as key factors affecting lifetime deterioration of
electrolytic capacitors when subjected to HF distortions.
2.5 Mitigation of HF Emissions
Use of interleaved topologies and/or very high switching frequencies in the PFC
circuits to control emissions in the frequency range up to 150 kHz is suggested
in [69]. Further in [16], use of multi-level converters have been proposed as a means
to reduce HF emissions from PE converters. It is emphasised that design of proper
control algorithms, especially with multi-level converters can substantially reduce
HF emissions from PE equipment [18].
Using spread spectrum modulation techniques (modulating the signal slowly be-
tween two frequency boundaries, usually ±10% of the fundamental switching fre-
quency) is proposed in [3] to overcome interference caused by the HF distortions in
PE converters that use PWM techniques. The intention of this approach is the re-
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duction of the peak energy by distributing the energy that is originally concentrated
at the switching frequency and its multiples over a wider band. In [17] random
pulse width modulation (RPWM), another spread spectrum modulation technique
is analysed in detail demonstrating that it can be used to limit HF emissions from
the source itself at a low computational cost avoiding the need of HF filtering.
2.6 Propagation of HF
According to [1], for linear systems, the voltage at frequency f at a bus r (Ur(f))
due to sources at different buses can be found using (2.2), where Zrs(f) and Is(f)
stand for the transfer impedance at frequency f between the buses s and r and the
current at frequency f , respectively. Regarding HF distortions, each parameter in
this equation can rapidly vary with time (within milliseconds). Therefore, arithmetic
addition or use of aggregation methods described in IEC 61000-3-6 are not valid in
explaining propagation of HF distortions [70]. Factors such as diversity between the
spectra of each equipment, vector addition of emissions in the complex plane and





It is stated in [30, 58, 71] that HF currents mainly flow between end-user equip-
ment within an installation and only a small portion of it flows to the connected grid.
Therefore, the spread of HF distortions is limited compared to low order harmonics.
Similar ideas are presented in [56, 72, 73]. In [7], HF emissions measured in an LV
network with PV inverters have shown voltages as high as 1 V near a PV inverter
whereas HF voltage levels at the corresponding distribution transformer were found
to be negligible. Moreover, in [56] it is stated that the propagation characteristics
of HF distortions are greatly governed by other equipment connected to the instal-
lation whereas the influence of distribution lines is minor. Furthermore, based on a
survey conducted in Sweden and Germany, it is concluded that public low voltage
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grid impedance at HF frequencies vary from 0.5 Ω to 50 Ω with values above 30 Ω
being rare [56,60].
Another study presented in [74] using 48 fluorescent lamps indicates that the
recurrent oscillations increase in amplitude as the number of lamps increase because
they are in synchronism with the fundamental frequency. However, the HF emissions
generated by the active PFC tend to reduce with the increasing number of lamps.
This is explained in [75] using a simple Norton’s model where HF emissions flow
between adjacent devices due to the low impedance paths provided by the capacitors
in their EMC filters. In [43], it is proven using both simulations and experimental
results that with an increasing number of similar devices connected to the grid, the
magnitude of HF current injected to the grid by each individual piece of equipment
reduces, as HF currents tend to flow between adjacent equipment rather than flowing
to the grid.
Based on a study conducted using a small, MV/LV distribution transformer, [76]
concludes that the transfer characteristics of HF distortions differ form LV side to
the MV side and vice-versa. HF distortions superimposed on any one phase of
the transformer are transferred without attenuation from the LV side to MV side
whereas HF emissions originating from the MV side are effectively damped except
at resonant frequencies. It is further stated that the transfer characteristics depend
on core magnetisation characteristics of the transformer. It is also noted that for
three phase HF injections, the transfer and coupling characteristics are complex and
should be studied separately.
A measurement based analysis is presented in [77] where HF propagation of un-
derground cables of two different distribution networks (a residential distribution
network and a commercial LV distribution network) is investigated. It shows that
HF voltage levels tend to amplify towards downstream due to resonances and at-
tenuate as they propagate towards the upstream. The resonances are evoked by
interaction between downstream equipment and the cable. It is also noted that de-
vices with capacitive impedance are at a higher risk of resonance. The cable length
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required for resonance decreases with increasing emission frequency and decreasing
device impedance. Consequently, it is recommended to pay attention to possible HF
phenomenon when installing PV plants and central EV charging stations that are
connected to the distribution transformer through dedicated connections.
Many other cases of HF propagation due to resonances can be found in the
literature. For instance, [78] presents an oscillation at 2 kHz with the magnitude
varying between 30% and 100% of the fundamental voltage at a 30 kV cable terminal.
The impact of neighbouring equipment on resonances in the frequency range of 2 -
9 kHz are analysed in [59]. In [66], resonance that resulted from the interaction
between an underground cable and a power transformer is studied. Based on a
simulation study presented in [79], there is a strong relationship between the length
of the cable connecting the HF emitting device and the distribution transformer
on the propagation of the emissions. Another case study presented in [79] shows a
35 kHz signal present in the voltage at the LV side of the distribution transformer
that is five times stronger than at its source, when the cable length is selected to
be 800 m. This contradicts the results presented in [77] and shows that the transfer
characteristics of HF emissions differ from one case to another and are hard to
generalise.
A summation law for aggregating HF emissions from homogeneous loads assum-
ing a capacitive grid impedance is presented in [80]. It is shown that HF emissions
from homogeneous loads initially increase with the increasing number of loads up
to a certain level and then start to decrease as the number of loads continue to in-
crease. While this aggregation model is a significant contribution towards analysing
HF propagation, its drawbacks include the uncertainty related to the capacitive grid
impedance and inability to predict HF emission aggregation pertaining to mixed load
conditions.
25
2.7 HF Models of Grid Connected Equipment
Electromagnetic transient (EMT) models of transmission system components such as
overhead lines, cables and transformers that cover the frequency range 2-150 kHz are
widely found in literature as those models have been developed over many years for
purposes such as transient studies, insulation coordination and PLC communication
studies [45, 49, 81–85]. According to [1], the mathematical models for overhead
lines were derived at around 1925. In [86], MV overhead and cable models with
different complexities (with and without skin effect, distributed parameter model
versus lumped parameter model) are compared considering the frequency range
of 2 - 100 kHz. As stated in [1], the HF models for overhead lines and cables
have been mainly developed for MV systems, however, they remain valid for LV
systems as well. However, it further states that modelling the reticulation system
of an LV installation is far more complex compared to modelling overhead lines and
underground cables due to reasons such as asymmetrically laid wires and unbalanced
currents.
A higher frequency transformer model based on the frequency characteristics of
the transformer admittance matrix valid up to 20 kHz is presented in [87]. In [88],
a model for a distribution transformer is optimised to deliver accurate results over
a wide frequency range (50 Hz - 5 MHz) to be used for smart grid PLC system
design to ensure undisturbed communication. Further, transfer characteristics of
a distribution transformer is studied in [76] where it is shown that HF emissions
superimposed on one phase transfer with approximately 1:1 ratio from LV side to
MV side, whereas they get effectively damped as they travel from MV side to LV
side except at resonance frequencies. However, the transfer characteristics of three
phase HF emissions are yet to be studied. According to [1], modelling of distribution
transformers remain a challenge to-date as the level of details and measurements
required to model each distribution transformer is extensive.
Whilst modelling an LV distribution network considering the frequency range
2 − 150 kHz is difficult, modelling of the grid connected equipment in the same
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frequency range is considered even more complex, as the level of detail needed to
model a piece of equipment with acceptable accuracy is still unknown [1]. In [75], a
Norton model is used to qualitatively describe the HF behaviour of grid connected
equipment. A handful of HF models for a few specific end user equipment exist
to-date. Some of these are time domain models whilst others are developed in the
frequency domain. For instance, [59] and [89] referred in [1] present a frequency
domain HF model of a vacuum cleaner in the range of 2-9 kHz and a time domain
model of an electric vehicle charger, respectively. The model of the vacuum cleaner
is simple consisting only an 8 A current source in parallel with a combination of a
145 µH inductor and a 0.495 µF capacitor whereas the electric vehicle charger is
a detailed model consisting of PWM switching and its controls. Further, there are
detailed models of PE converters in literature such as [90–92]. However, when they
are connected together in a system for a HF study, the computational requirements
are rather prohibitive [1]. In [93], a methodology for developing frequency domain
black box models of single phase equipment based on voltage sourced converters such
as PV inverters and EV chargers in the frequency range 2 − 150 kHz is presented.
The work presented in this paper has been carried out almost simultaneously with
the PV inverter modelling work presented in this thesis.
Development of HF models of grid-connected equipment is posed with many chal-
lenges. One challenge is having to model individual pieces of equipment separately,
since equipment of the same make and specifications can behave slightly differently
due to component tolerances. For instance, based on measurements done at a full-
scale model of a house, [71] concludes that at HF frequencies, it is not possible to
use standard models since each piece of equipment appears to be unique. Another
challenge associated with developing HF models of grid connected equipment is the
variation of their HF behaviour with the point of connection to the grid [1]. De-
pending on the point of connection, the ratio between the source impedance and
grid impedance for the same device can vary. This ratio governs whether the device
should be modelled as a current source, voltage source or a voltage source behind
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an impedance [1].
In [15] it is stated that assessment of HF distortions pertaining to distributed
generation with wind and PV systems is particularly challenging due to uncertain
behaviour of the sources depending on ambient conditions, the presence of conversion
systems and the effect of harmonic summation for aggregations of local generators.
Further in [94], with regard to solar and wind farms, it is stated that with a large
number of PV inverters connected together, the level of distortion in the frequency
range of 2 - 150 kHz requires further study, with a special focus on aggregation ef-
fects, the spread of emissions, the interaction between different topologies of devices,
and the relationship with active power production.
In [7], HF emitting behaviour of three PV inverters is discussed. It is shown
that a PV inverter can behave as a voltage source, current source or voltage source
behind an impedance when its HF emission behaviour is considered. It is noted
that the source impedance of a PV inverter at HF emission frequencies is greatly
governed by the output EMC filter. Further, in [7], the impact of grid impedance
on the HF sourcing behaviour of PV inverters is mentioned.
In [48], three small-scale (< 5 kW), grid-tied, single-phase PV inverters are
studied to identify the factors affecting their HF emissions as a first step towards
modelling PV inverters in the range of 2 - 150 kHz. It is shown that HF emissions
from all three inverters are positively correlated with the power output of the PV
inverters, whereas the harmonic distortion level and the fundamental frequency of
the reference voltage have negligible impact on HF emissions. Furthermore, it is
stated that the MPPT voltage and the magnitude of the grid voltage have an impact
on HF emissions from some inverters whilst having no appreciable influence over the
others.
2.8 Standardisation Work Related to HF distortions
Standards exist that cover the frequency range of 0 - 2 kHz in relation to low
order harmonics, and above 150 kHz in relation to radiated disturbances. Except
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for standards related to PLC communication that specify intentional HF emissions,
there is no comprehensive set of international standards covering the frequency range
of 2 - 150 kHz focused on unintentional HF emissions and related issues.
In [18] where a summary of a discussion in CIGRE/CIRED/IEEE joint working
group C4.24 is presented, an interest among the international standardising bodies
on the knowledge related to distortion in the range of 2 - 150 kHz is reported.
Similar to low frequency harmonic standards, future HF standards can be expected
in the forms of measurement standards, emission standards, immunity standards
and compatibility standards. For successful EMC coordination, there should be a
good link between standards related to intentional HF emissions and non-intentional
HF emissions [4].
Standards related to HF measurements are CISPR 16, IEC 61000-4-7 and IEC 61000-
4-30. The recommendations made in these standards were discussed in Section 2.3
[10–12]. Emission limits for intentional HF emissions (PLC communication) are
specified in EN 50065 whereas EN 50160 defines the voltage limits that can occur
at customer supply due to intentional emissions [25, 95]. Regarding non-intentional
emissions, the only standards developed to date exist for lighting equipment [13]
and induction cookers [14] in the range of 9 - 150 kHz.
In the recent release of IEC 61000-2-2:2002+A1:2017+A2:2018, compatibility
levels in the frequency range from 40th harmonic (exclusive) to 150 kHz for differen-
tial mode voltage disturbances in public low voltage networks are given [9]. These
levels are defined in relation to long term effects (for a duration of 10 min or longer)
and are measured between any two phases of conductors or between any phase con-
ductor and the neutral conductor.The limits are defined in relation to a bandwidth
of 200 Hz defined according to (2.3). Table 2.1 gives the recommended compatibil-
ity levels in this range. These compatibility levels act as reference levels for EMC










U2(F + n.∆f) (2.3)
F : the centre frequency of the 200 Hz band under consideration
ub,F : the voltage distortion level in the bandwidth of 200 Hz around
centre frequency F
U1 : the r.m.s. value of the fundamental component of the voltage
U(F + n.∆f) : the r.m.s. value of the component of the voltage at frequency
f = F + n.∆f measured with the frequency resolution ∆f
Frequency range (kHz) Compatibility levels (%)
2 (2.4)a to 3 1.4
3 to 9 1.4 to 0.65b
a The frequency range is 2 kHz to 3 kHz for 50 Hz systems and
2.4 kHz to 3 kHz for 60 Hz systems.
b The logarithm of the level decreases linearly with the logarithm
of the frequency in the range 3 kHz to 9 kHz
Table 2.1: Compatibility levels for voltage distortion in differential mode ub,F above
the 40th harmonic up to 9 kHz according to IEC 61000-2-2:2002+A1:2017+A2:2018
As per IEC 61000-2-2:2002+A1:2017+A2:2018, the disturbance should be mea-
sured with a quasi-peak detector with a bandwidth of 200 Hz in accordance with
CISPR 16-1-1 [9]. The recommended compatibility levels for differential mode dis-
tortion in the frequency range of 9 - 150 kHz are given in Table 2.2. These serve
as reference levels when setting emission limits for differential disturbances related
to unintentional HF emissions. However, if the voltage distortion is measured be-
tween any mains conductor and the earth (unsymmetrical voltages) according to
CISPR 16-1-1, the reference levels for emission limits should be 6 dB lower than the
values given in Table 2.2.
In IEC 61000-4-19, immunity limits for electrical and electronic equipment oper-
ating at a mains voltage supply up to 280 V at a frequency of either 50 Hz or 60 Hz
pertaining to conducted, differential mode disturbances in the range of 2 - 150 kHz
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Frequency range (kHz) Compatibility levels (dBµV )
9 to 30 129.5 to 122a
30 to 50b 122 to 119a
50b to 150 133 to 89a
a The level decreases linearly with the logarithm of the frequency in the ranges
9 kHz to 30 kHz, 30 kHz to 50 kHz and 50 kHz to 150 kHz.
b At the transition frequency, the lower level applies
Table 2.2: Compatibility levels for voltage distortion in differential mode from 9 kHz
to 150 kHz according to IEC 61000-2-2:2002+A1:2017+A2:2018
such as those originating due to PLC communication systems and PE equipment are
given [96]. The immunity limits are defined for five equipment classes, each constant
in the range of 2 kHz to 9 kHz followed by a linear decrease with the logarithm of
the frequency from 9 kHz to 95 kHz that settles at a constant level from 95 kHz to
150 kHz.
2.9 Chapter Summary
The existing knowledge pertaining to HF distortions was presented in this chapter
based on a comprehensive literature review. It was shown that HF emissions origi-
nate from PLC communication and internal switching operation of the PE devices.
The effects of HF distortions exist in the form of disturbance to PLC communi-
cation, acoustic noise generation, resonance, malfunction and lifetime degradation
of grid connected equipment. According to the literature consulted, the emission
and propagation characteristics of HF distortions are complex and needs further
research. In order to model LV distribution network for HF studies, the cable and
line models developed for MV systems can be modified. However, device modelling
remains a complicated task.
There are various methods available for measuring HF emissions: time domain,
frequency domain and combined time-frequency domain. Depending on the specific
case under study, use of more than one method could be beneficial to better repre-
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sent HF characteristics. Except for some informative recommendations, no HF mea-
surement standards have been developed yet. However, international standardising
bodies have paid attention to the development of standards covering HF distortions.
This is evident form the recent release of IEC 61000-2-2:2002+A1:2017+A2:2018






This chapter presents the measurement instrumentation and analysis methods which
are crucial to carry out the work presented in this thesis. The synthesis of a new
digital, offline, zero phase, high pass (HP) filter is presented which can be used for HF
measurements in low voltage networks (400 VLL) in conjunction with a measuring
equipment having a resolution and a nominal measurement range not less than
16 bits and 400 V, respectively. It is shown that the performance of the proposed
filter is superior compared to currently available HP filters used in HF measurements.
3.2 Background
Measurement of HF distortions is an important activity relevant to HF studies.
Since the current understanding related to supraharmonis is limited, the ability to
conduct comprehensive analytical studies is constrained by the availability of suit-
able HF models. Consequently, the behaviour of HF distortions is studied mainly




At present, there is no standardised method for measurement and reporting on
HF emissions from equipment. As explained in Section 2.3, a few international
standards, namely; CISPR 16, IEC 61000-4-7 and IEC 61000-4-30 have made rec-
ommendations as to how HF emissions shall be measured. The recommendations
given in CISPR 16-1-2 cover radio disturbance voltages and currents in the range
of 9 kHz to 1 GHz [12]. However, due to the recommended use of a LISN in the
measurement procedure, such an approach cannot be directly used for power quality
investigations [4].
The informative Annex B of IEC 61000-4-7 standard and informative Annex C
of IEC 61000-4-30 give recommendations for HF measurements related to power
quality investigations covering the frequency ranges of 2 - 9 kHz and 9 - 150 kHz
respectively. The informative recommendations of IEC 61000-4-30 describe three
different measurement methods giving rise to concerns, such as which method to
be used for a given measurement and whether these three methods give comparable
results (a brief, yet complete description of the recommendations made in these
two standards is given in Section 2.3). The most popular method among the three
measurement methods proposed in IEC 61000-4-30 is the second method where it
is recommended to extend the HF measurement procedure presented in IEC 61000-
4-7 for the frequency range of 2 - 9 kHz up to 150 kHz [10,11]. However, according
to [45], the recommended frequency aggregation band of 200 Hz in IEC 61000-4-7
is not optimal when measuring HF emissions from certain equipment such as PV
inverters. As stated in IEC 61000-4-30, the knowledge pertaining to HF emissions
is still evolving and there can be differences between the recommendations made in
different standards related to HF measurements [11]. As a result, researchers tend
to use customised measurement procedures that best serve the specific requirements
of the work being undertaken.
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3.3 HF Measurements and Analysis
Due to the unique characteristics of HF distortions, HF measurements necessitate
special instrumentation. Once HF emissions are successfully captured, they can be
analysed using different techniques, each having its own merits and demerits.
3.3.1 Measurement instrumentation
Measurement of HF distortions, especially measurement of HF voltages involves nu-
merous challenges due to their unique characteristics. HF voltages are found super-
imposed on the fundamental voltage and have relatively smaller magnitudes. This
gives rise to specific requirements in terms of the dynamic range and the resolution
of the measurement equipment used for HF voltage measurements.
Most laboratory oscilloscopes have a resolution of 12 bits and are not designed
to measure public distribution system voltages. Therefore, if a normal oscilloscope
is used for HF measurements, an analog high pass (HP) filter needs to be used
to suppress the low frequency content of the measured signal that has a higher
magnitude compared to HF distortions. If used, active analogue filters can introduce
additional noise, and hence passive analog filters are preferred in this case. However,
passive filters inherit several drawbacks such as altering of the test circuit, causing
unnecessary interference such as resonances and introduction of phase distortion on
the measured signal. Further, the amount of information that can be extracted from
a filtered signal in time domain analysis is less compared to the case where the signal
is captured without filtering.
A commonly used equipment for power quality monitoring of electricity distri-
bution systems is a power quality meter. Power quality meters usually have a large
internal memory and can withstand direct grid voltages (400 VLL). However, most of
these devices are designed to monitor harmonics only up to the 50th order (2.5 kHz
in a 50 Hz system). Consequently, they are not suitable for HF measurements.
Given these constraints, a transient recorder (Hioki Memory HiCorder 8847A)
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Figure 3.1: Hioki Memory HiCorder 8847A used for HF measurements
shown in Figure 3.1 was identified as the most suitable equipment for HF measure-
ments. This equipment comprises voltage measurement units with 16 bit resolution
and has a 400 V dynamic range. The resolution of the current measurement units
is 12 bits and the current probes used were Hioki CT6841 and Hioki CT6843.
In measurement of HF emissions during experiments, the sampling rate of the
transient recorder was set to 1 MHz. An in-built anti-aliasing filter having a cut-off
frequency of 500 kHz was applied when taking both current and voltage measure-
ments. A measurement time window of 200 ms was chosen in accordance with the
recommendations in IEC 61000-4-7 and IEC 61000-4-30. All measuring equipment
were new and in factory calibrated condition.
As the resolutions of the current and voltage units were sufficient to capture
HF voltages and currents directly, no online filter was used during measurements.
However, a digital, zero phase, HP filter was applied to the measurements as an
offline signal processing step prior to analysis in order to eliminate spectral leakage.
Details related to the synthesis and performance of this filter are given in Section 3.4.
The work presented in this thesis consists of measurements taken in laboratory
environments as well as in the field. The level of HF emissions produced by a given
equipment depends on the supply grid impedance at corresponding HF emission
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frequencies. Therefore, HF emissions from grid connected equipment can vary with
the changing grid impedance. Consequently, repeatability of field measurements
is not easily achievable. However, HF measurements in the field are important to
develop a general understanding of the HF levels in public low voltage networks.
The grid impedance seen by a given device at HF frequencies is largely governed
by the input impedance of other devices that are connected electrically close to
that particular device. Therefore, if measurements are taken within an electrical
installation such as a building, it is possible to maintain some consistency in the
grid impedance seen by the equipment in a test to a certain extent by keeping the
other equipment connected to the building reticulation system with their operating
conditions unchanged where possible. Thereby, certain characteristics of HF distor-
tions from grid connected equipment such as their emission frequencies, nature of
HF emissions (broadband or narrowband), and time variations can be identified.
The majority of HF measurements presented in this thesis involve controlled
experiments. In majority of these experiments, the equipment under test was con-
nected to a waveform generator (California Instruments MX30-3PI-400-SNk). The
HF emissions from this waveform generator were considered negligible considering
the magnitudes of HF emissions from the equipment that were used for testing such
as PV inverters and EV chargers. A high pass filtered (at 2 kHz) frequency spec-
trum of the open circuit voltage of the waveform generator when it is producing a
230 V/50 Hz output is shown in Figure 3.2.
An obvious concern associated with this experimental setup is whether the HF
impedance offered by the waveform generator approximately emulates the actual
grid impedance at HF frequencies. According to research conducted in public low
voltage distribution networks in Europe, it has been found that the magnitude of
grid impedance in the range of 2 - 150 kHz can vary from 0.5 Ω to 50 Ω with values
greater than 30 Ω being very rare [56,60]. In light of this finding, it is clear that the
impedance profile given by the standard LISN also provides only a specific combina-
tion of grid impedance values at different frequencies out of many other impedance
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Figure 3.2: A high pass filtered frequency spectrum at the output of the waveform
generator
combinations possible. Further, as explained in [97], the impedance profiles given
for the LISN in IEC/TS 62578 and IEC 61000-4-7 for the range of 2 - 9 kHz exhibit
significant deviations from each other. Consequently, it was concluded that the HF
impedance offered by the waveform generator is adequate for the studies conducted
as it remained constant at a given frequency and was within the impedance range
observed in public low voltage networks (calculations of the internal impedance of
the waveform generator at the HF emission frequencies of the connected equipment
(using their own emissions) revealed that the internal impedance of the waveform
generator was well below 30 Ω).
3.3.2 Analysis methods
Accurate representation of HF distortions rely heavily on measurement methods and
subsequent analysis. Three different techniques used for analysing HF distortions
are time domain analysis, frequency domain analysis and combined time-frequency
analysis. All these techniques have been utilised in the work presented in this thesis.
Given below is a brief description of each method, their strengths and limitations.
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Time domain analysis
Time domain analysis is essential in identifying certain scenarios such as recurrent
oscillations seen in HF emissions from fluorescent lamps with electronic ballasts [33].
In time domain analysis, the current and voltage waveforms are plotted against time
to identify characteristics of HF emissions. Therefore, it is helpful to compare the
signal with and without high pass filtering (after removing frequency components
below 2 kHz). The filtered signal provides specific information on the HF compo-
nents whereas the unfiltered waveform provides a better visualization of the overall
impact of HF components on the voltage or current waveform. Further, such an
analysis helps identify HF phenomena that are sysnchronised with the fundamental
frequency.
Shown in Figure 3.3 is a time domain representation of HF emissions from a
microvawe oven supplied by a clean 230 V/50 Hz supply. Since the measurements
are taken with a sampling rate of 1 MHz, the resultant time resolution is 1 µs.



































(b) Filtered waveform - Frequency components below
2 kHz removed
Figure 3.3: Time domain analysis of the current drawn by a microwave oven
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By examining Figure 3.3(a), it is possible to understand that the current drawn
by this particular microwave oven has frequency components other than the funda-
mental frequency. Nonetheless, it is hard to conclude whether they are harmonics
or HF distortions just by observing Figure 3.3(a). Presented in Figure 3.3(b) is the
high pass filtered waveform of the same current. Consequently, it comprises only
the frequency components above 2 kHz. Further, as currents are low pass filtered at
500 kHz by the built-in anti-aliasing filter in the transient recorder used for HF mea-
surements, the frequency components present in this filtered waveform range from
2 kHz to 500 kHz. This frequency range can be adjusted based on the particular
requirements of the study.
According to Figure 3.3(a), the current drawn by this microwave oven has a
considerable amount of HF content. It is also clear that the HF components vary
with time. Further, the following characteristics can be identified using Figure 3.3.
• The HF components are negligible around the zero-crossings of the fundamen-
tal current
• HF components exhibit a significant presence around the peaks of the fun-
damental current and a sudden significant increase near zero crossings of the
fundamental current
• The HF emissions follow the fundamental waveform on a half-cycle basis
Naturally, it is not possible to identify the frequencies responsible for these HF
distortions by observing Figure 3.3. This is a major drawback in time domain signal
analysis. The behaviour of different frequency components in terms of their am-
plitude and frequency are important when studying HF distortions. Consequently,
even though time domain analysis is useful in identifying HF phenomena that are in
unison with the fundamental frequency, time domain analysis alone is not sufficient
to fully explain the behaviour of HF distortions.
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Frequency domain analysis
As the term implies, time does not come to the picture in frequency domain analysis.
Unlike in time domain analysis, frequency domain analysis focuses on the properties
of the frequency components of the signal under study. Frequency domain repre-
sentation of a waveform can be obtained by performing Fourier transformation on
a time domain signal. Using Fourier transformation, individual frequency compo-
nents present in a given waveform can be identified along with their magnitudes and
absolute phase angles. In practice, Fast Fourier Transformation (FFT) is used in
frequency domain analysis of waveforms where frequency resolution of the resultant
spectrum can be calculated according to (3.1).
Frequency resolution =
Sampling frequency of the time domain signal
Number of samples used for FFT calculation
(3.1)
















(a) Spectrum up to 50 kHz


















(b) Spectrum from 2 kHz to 50 kHz
Figure 3.4: Frequency domain analysis of the current drawn by a microwave oven
The results of frequency domain analysis of the current shown in Figure 3.3
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drawn by a microwave oven are given in Figure 3.4. It can be seen that the majority
of HF components appear from 15 kHz to 35 kHz as broadband emissions and are
in the range of miliamperes even though their combined magnitude can reach up
to 2 A as shown in Figure 3.3(b). The highest magnitudes of individual frequency
components can be seen near 20 kHz and 34 kHz with magnitudes close to 110 mA.
The phase angles of the individual frequency components are not shown here as
phase details of broadband signals do not play a significant role in the subsequent
analysis process.
As the measurements are taken with a sampling rate of 1 MHz for a time window
of 200 ms (200 ms is used as the window length for FFT calculations), the frequency
resolution of the resultant spectra is 5 Hz. While there are different methods to
improve the frequency resolution of FFT results such as increasing the window
length and spectrum interpolation, 5 Hz resolution at HF frequencies is considered
adequate. Further, this is in line with the recommendations made in IEC 61000-4-7
regarding HF measurements [10].
In FFT, it is assumed that the waveform being analysed is periodic in the mea-
surement interval. However, this is not true for current and voltage signals found
in electricity distribution systems. Even the mains frequency undergoes slight vari-
ations [45]. When this happens, the signal becomes non-periodic. When a non-
periodic signal is transformed into frequency domain using FFT, some of the spec-
tral energy of the frequency components that are not periodic in the considered
time window leak to other frequency components which is known as spectral leakage.
Spectral leakage can be minimised by applying a suitable windowing method such as
Hanning window [97]. However, the recommendations made in IEC 61000-4-7 sug-
gest the use of a rectangular window that does not contribute towards minimising
the spectral leakage. Therefore, a rectangular window has been used in the analysis
presented in this thesis. Nonetheless, windowing is not the only way to mimimise
spectral leakage. If the frequency components that vary with time making the signal
non-periodic are known, then those particular frequency components can be filtered
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out prior to FFT analysis. Therefore, a digital high pass filter with a passband at
2 kHz has been used in the analysis presented in this thesis to eliminate spectral
leakage issues arising from mains frequency variations.
Another drawback of FFT is the “Picket Fence” effect [98]. When a spectral line
does not perfectly align with the actual frequency, the magnitude and the frequency
resulting from FFT tend to be inaccurate. For instance, if the a waveform has a
frequency component at 52.5 Hz and the spectrum resulted from the FFT has only
5 Hz resolution, instead of a single spectral line at 52.5 Hz, the spectrum will show
several spectral lines at other frequencies such as 50 Hz and 55 Hz with reduced
amplitudes. This scenario is called picket fence effect and can be minimised by
using techniques such as spectrum interpolation.
As stated in IEC 61000-4-7, the measurement of HF distortions does not require
high resolution in the frequency domain and it is customary to group the energy
of the signal to be analysed into predefined frequency bands. While Annex B of
IEC 61000-4-7 (informative) and the second measurement method presented in An-
nex C of IEC 61000-4-30 (informative) recommend the use of frequency bands having
a bandwidth of 200 Hz, the third measurement method presented in Annex C of
IEC 61000-4-30 results in frequency bands of 2 kHz. Either way, once the individual
frequency components are frequency aggregated, the impact of picket fence effect
becomes less of a concern.
A limitation of FFT that matters most when studying HF distortions is its
incapability to represent time-varying signals. For instance, according to the time
domain analysis of the current drawn by the microwave oven of which the waveform
is shown in Figure 3.3, it is clear that the higher frequency components vary in
time. However, this is not reflected in the FFT results shown in Figure 3.4. Instead,
FFT has averaged the magnitudes of the frequency components corresponding to
the window length. Therefore, only time domain and frequency domain analyses
may not be sufficient for a complete investigation of HF distortions.
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Combined time-frequency analysis
In order to develop a better visualisation of the time varying HF components, com-
bined time-frequency analysis can be undertaken [97]. The fundamental concept
behind this technique is to perform FFT over short periods of time during which
the signal can be considered stationary and later combine these FFT results in time.
The outcome of this analysis is known as a “Spectrogram”. The spectrogram aris-
ing from the time-frequency analysis of the current drawn by the microwave oven
(waveform shown in Figure 3.3) is illustrated in Figure 3.5. Here, signal power (in
dB) is calculated as 20log(I) with “I ” in Amperes. Note that this signal is high pass
filtered using a digital filter at 2 kHz.



































(a) Without overlapping of windows



































(b) With 99% overlapping of windows
Figure 3.5: Spectrogram of the current drawn by the microwave oven
From Figure 3.5, both amplitude and frequency variations of the current drawn
by the studied microwave oven can be identified. Here, the frequency resolution of
the spectrogram is selected to be 1 kHz.
In a spectrogram, time resolution and frequency resolution are inversely propor-
tional to each other. Therefore, a tradeoff between time resolution and frequency
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resolution is always preferred. Even though time resolution and frequency reso-
lution cannot be independently selected for spectrograms, overlapping of adjacent
windows can be used to better visualise signals. The smooth spectrogram shown
in Figure 3.5(b) is the result of 99% overlap between adjacent windows used in the
FFT analysis.
A spectrogram can reveal quite a few interesting features related to a time varying
signal. For instance, Figure 3.5 shows that the oscillations observed near the current
zero-crossings in Figure 3.3(a) have frequencies around 20 kHz. The oscillations
synchronised with the peak of the fundamental current have a frequency near 34 kHz.
Further, no significant level of HF emissions can be seen at current zero-crossings.
The frequency increases gradually from 20 kHz to 34 kHz as the fundamental current
increases from zero to its peak and vise-versa. Moreover, according to the colour
bar, the peak magnitudes of HF currents occur at 20 kHz and 34 kHz. The second
multiple of the switching frequency of the microwave oven too is visible in the
spectrograms.
A limitation of combined time-frequency analysis is that, it is difficult to identify
the exact magnitude of a frequency component by observing a spectrogram as the
magnitude is only colour coded. It is possible to draw a spectrogram as a three
dimensional plot with time, frequency and amplitude as its axes. However, then
there is the drawback of frequency components with higher amplitudes shadowing
the components with smaller magnitudes.
3.3.3 Frequency aggregation in frequency domain analysis
A significant part of analysis carried out in this thesis relates to HF emissions from
small-scale (output power ≤ 10kW), single-phase, grid-tied, PV inverters whose HF
spectra were observed to be rather constant over time. Therefore, it was decided to
analyse these emissions in frequency domain and perform frequency aggregation for
the ease of analysis.
HF emissions from single-phase inverters contain several emission bands. Usu-
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ally, the first emission band accounts for more than 90% of the total HF emissions of
a single-phase PV inverter [48]. Therefore, only the first emission band has been con-
sidered in the subsequent studies. The first emission band of a small-scale (output
power ≤ 10 kW), single-phase, grid-tied, PV inverter is shown in Figure 3.6.




















Figure 3.6: The first emission band of a small-scale, single-phase, grid-tied, PV
inverter
In several HF emission studies pertaining to single-phase PV inverters, individual
HF emissions in the first emission band are aggregated to form a single HF emission
level at the centre frequency of the first emission band (fc) as shown in (3.2) for
the ease of analysis [48]. Here, Xf refers to an individual HF emission at frequency






Further reasons for frequency aggregating HF emissions are given below:
• Frequency aggregation implemented in (3.2) is based on the philosophy pre-
sented in IEC 61000-4-7 and IEC 61000-4-30 to group the spectral energy into
predefined frequency bands [10,11]. The aggregation bandwidth used in (3.2)
is based on previous research related to HF emissions from PV inverters [48].
• HF emissions can be narrowband or broadband [34]. Their frequencies and
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amplitudes can vary in a time scale of milliseconds [2, 33, 34]. Given this, it
is not practical to study/model each frequency component separately. Thus,
aggregating individual frequencies into frequency bands is beneficial.
• Reduction of the complexity of the final model is an advantage arising from
frequency aggregation in the development of HF models.
• HF emissions are usually not synchronous with the fundamental frequency as
the switching frequency is usually generated independent of the power fre-
quency. Consequently, it is possible for one inverter to emit HF emissions
at 16 kHz and another (even of the same type) at 16.0005 kHz (e.g. due to
associated hardware/software tolerances). Therefore, HF emissions can occur
anywhere from 2 kHz to 150 kHz. Consequently, it is not practical to measure
HF emissions at their exact emission frequencies.
• Compared to the frequencies (kHz range) considered in HF studies, the pro-
posed aggregation frequency range (±0.4 kHz) is small. Therefore, a single
frequency (fc) can be used to represent the spectral energy of the considered
emission band.
3.4 The Proposed High Pass (HP) Filter
High pass (HP) filters are an essential part of any HF measurement setup. Both
IEC 61000-4-7 and IEC 61000-4-30 recommend the use of a HP filter during mea-
surement/analysis of these emissions [10,11]. Consequently, different HP filters have
been used for HF measurements during the past few years [33,47].
A HP filter can be either analog or digital. While analog filters can only be
realised online, digital filters offer flexibility in both online and offline implementa-
tions. Nonetheless, these proposed filters exhibit non-linear phase response causing
phase delays in the output signal. This limits the usability of filtered data in time
domain analysis due to waveform distortion. Even in frequency domain analysis,
only the magnitudes can be directly used as further signal processing is needed to
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retrieve phase details. Furthermore, analog filters can modify the test circuit giving
rise to detrimental impacts such as resonances at certain frequencies [33].
The filter proposed in this chapter is a digital, offline, zero phase HP filter hav-
ing an infinite impulse response (IIR) that can be used for HF measurements in
low voltage networks (400 VLL) in conjunction with measuring equipment having a
resolution and a measurement range not less than 16 bits and 400 V respectively.
It causes no phase distortion (no waveform distortion) and features a near ideal
magnitude response. Further, being an offline digital filter, it has no impact on the
test circuit.
3.5 Necessity for a HP Filter
Two types of filters are required in HF measurements, namely anti-aliasing filters
and high pass filters. Anti-aliasing filters are used to mitigate the impact of aliasing
caused by sampling. As vast majority of modern digital measuring instruments
are equipped with anti-aliasing filters, only a high pass filter has to be designed
specifically for HF measurements/analysis. As a result, the international standards
IEC 61000-4-7 and IEC 61000-4-30 recommend the use of a high pass (HP) filter
to minimize the effects of spectral leakage. According to IEC 61000-4-7, a suitable
HP filter should provide at least 55 dB attenuation at the fundamental frequency
whereas IEC 61000-4-30 suggests the use of a HP filter having two poles and 3 dB
or smaller ringing at 1.5 kHz and higher frequencies [10, 11]. Filter realisations
complying with both these standards are plausible and can be found in literature
[33,47]. Following are some of the applications of HP filters.
Controlling the spectral leakage
It is stated that continuous variations of power system frequency can become prob-
lematic in measuring weak HF signals in public electricity networks [45]. For exam-
ple, Figure 3.7 shows the frequency domain analysis of an unfiltered voltage signal
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and a HP filtered voltage signal when the fundamental frequency is 49.75 Hz. As
can be seen, the HF components are not visible in the unfiltered signal due to the
effect of spectral leakage which is caused by the fundamental frequency compo-
nent. Therefore, the use of an analog or digital filter is essential to control spectral
leakage and capture HF distortions successfully. Thus, controlling spectral leakage
is one of the main reasons behind prescribing a HP filter in HF measurements in
IEC 61000-4-7 and IEC 61000-4-30 standards and their use is evident from many
HF studies [33,48].
Figure 3.7: A comparison between an unfiltered signal and a HP filtered signal
Improving the resolution and signal to noise ratio (SNR)
As stated in Section 3.3.1, HF emissions (which are often much smaller in magni-
tude compared to the mains voltage/current) are superimposed on the mains volt-
age/current. This imposes strict requirements on measuring instruments: a higher
measurement range as well as a higher resolution. Thus, a measuring instrument
with at least a 16 bit resolution that can withstand around 400 V is required to
successfully capture HF voltages in a typical electricity distribution system [47].
However, if an analog HP filter is used to filter out the power frequency component
from the signal, the resultant signal will have a smaller magnitude (smaller voltage
or current) and the resolution of HF measurements can be greatly improved, thereby
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enabling even a measuring instrument with 12 bit resolution to successfully capture
HF voltages. Moreover, an analog filter helps improve the signal to noise ratio of
a digital measuring equipment as approximated by (3.3). Here, SNR and N stand
for the signal to noise ratio and the number of bits of the measuring instrument,
respectively.
SNR = (6.02N + 1.76) dB (3.3)
Accordingly, measuring equipment with 12 bit resolution has a much smaller
SNR compared to an equipment with 16 bit resolution. Therefore, if a measuring
equipment with 12 bit resolution is supplied with unfiltered signals, there is a pos-
sibility of HF emissions being indistinguishable from the noise. However, if used in
conjunction with an analog filter, the mains frequency component can be greatly
attenuated allowing an optimal utilisation of the measurement range for HF com-
ponents resulting in improved performance of the measuring equipment with 12 bit
resolution in regard to capturing HF signals.
3.5.1 HF filter design considerations
Different realisations of HF filters
Although IEC 61000-4-7 and IEC 61000-4-30 recommend the use of a HP filter
for measurement of HF distortions, the relevant details are not explicitly stated
in these standards [45]. Therefore, different HP filter designs can be implemented
which comply with both standards. Moreover, the appropriate filter for a particular
HF measurement depends on the purpose of measurement and the specifications of
the available measurement devices.
An analog filter is recommended when HF voltage measurements are carried out
using a measurement instrument with 12 bit resolution to suppress the power fre-
quency component and thereby help improve resolution. If an active analog filter is
used, additional noise can be generated due to the operation of embedded electronic
components. Thus, a passive analog HP filter is the best option. However, attention
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should be paid to the inherent possibility of the filter modifying the test circuit and
thereby distorting the measured signals (such as giving rise to a resonance condi-
tion at certain frequencies). Moreover, analog filters are non-linear, thus waveform
distortion of the filtered signal is inevitable.
Equipment having a resolution of 16 bits or more and a measurement range
not less than 400 V have the capability of capturing both current and voltage HF
distortions without using an analog filter, even though digital filtering is required
to eliminate spectral leakage in subsequent signal processing steps. In general, the
same filtering requirements apply to HF currents measured with equipment having
12 bit resolution.
Phase response of filters





where φ(ω) and ω are phase shift in radians and angular frequency in radians per
second, respectively [99]. If the group delay is constant over the full range of fre-
quencies, then each frequency component is delayed by an equal time by the filter,
and the waveform information is conserved. Such a filter is known as a linear filter.
If the group delay is not constant over the full frequency range, then each frequency
component is delayed by different amounts in time by the filter, causing the output
waveform to become distorted. This type of a filter is called a non-linear filter.
There is also another class of filters, unique in phase response compared to the
aforementioned types, known as zero-phase filters. In these filters, the group delay




There are different means to achieve zero phase response in digital filtering. One such
method involves the use of two filters; the first to achieve the required magnitude
response and the second (a specially designed all-pass filter) to cancel the phase
distortions introduced by the first filter [100]. While this is very useful in online
implementation, achieving zero phase response by means of time reversal of the
data array as illustrated in Figure 3.8 is widely used in offline applications [101]. As
shown in Figure 3.8, following filtering of the original signal (x(n)) by the first IIR
filter, a frequency component with an original phase of α is delayed by φ. The time
reversal process negates the phase of the input and delays the frequency component
by a further µ in phase. Phase delay caused by the first filtering process is negated
by the next, whereas the second time reversal process compensates for both the
negation and the phase delay introduced by the first time reversal process.
Figure 3.8: The process of zero-phase filtering
At the successful completion of this process, the phase of the output (y(n)) is
exactly equal to that of the input, hence the name zero-phase filtering. Since the
phase details of all input frequency components are preserved, this filter does not
cause any waveform distortion.
As the digital filter is applied to the signal twice during this process, the magni-
tude response of the zero phase filter becomes |H(z)|2, given the transfer function
of the original IIR filter is |H(z)|. For example, Figure 3.9 shows the magnitude
response of a typical Elliptic filter of order 10 compared to its zero-phase implementa-
tion. In practice, this doubles the order of the filter, and increases the computational
complexity.
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Figure 3.9: Effect of zero-phase filtering by means of time reversal on the magnitude
characteristic of the filter
3.5.2 Currently available filters for HF measurements and their draw-
backs
Only two HP filters specifically designed for HF measurements can be found in the
current literature. First is an analog, Butterworth, second-order, bandpass filter
having 3 dB cut-off frequencies at 3 kHz and 1 MHz presented in [33]. This filter
is expected to sufficiently attenuate the fundamental component while limiting the
risk of aliasing (the sampling frequency of the measuring device associated with it
is given as 10 MHz). The 55 dB attenuation at the fundamental frequency (50 Hz
in this case) recommended in IEC 61000-4-7 is successfully achieved in this filter.
Though this filter design can be appreciated as an initial design, it has several
drawbacks. The filter has 3-4 dB (around 50%) attenuation in the passband even
though it can be corrected in latter stages of signal processing. Another drawback
is the considerably low (110 Ω) input impedance of the filter, which can attenuate
the measured voltage, especially if the source is weak. Further, it is reported that
the filter resonates at certain frequencies making it unsuitable for measurement at
those particular frequencies. Other than these, the presence of frequency dependent
components in the filter (such as inductors) makes the filter non-linear, leading to
waveform distortion of the filtered signal.
53
The second filter where both analog and digital realizations of an Elliptic, third
order filter (having stopband and passband frequencies at 209 Hz and 2 kHz, re-
spectively) is presented in [47]. This filter yields a stopband attenuation of 62.9 dB
with a passband ripple of 0.0436 dB. Whilst this filter design is advanced in many
fronts compared to the first, it has a non-linear phase response and carries all the
drawbacks associated with non-linear phase characteristics. Nonetheless, since this
filter is superior compared to the first, it is used in Section 3.5.3 as a reference to
compare the performance of the filter proposed in this chapter. Henceforth, this
filter will be referred to as the “prevailing filter” for ease of referencing.
3.5.3 Characteristics of the proposed filter
Proposed here is a digital, offline, IIR, zero-phase, HP filter for HF measurements.
The filter was initially synthesised in MATLAB Filter Designer package, as an Ellip-
tic filter having a 1 MHz sampling rate, 60 dB stopband attenuation and 0.005 dB
passband ripple. The stopband and passband frequencies were selected to be 1.7 kHz
and 2 kHz, respectively. This resulted in a 10th order filter, having five second order
sections. The resultant transfer function of the filter, H(z), can be expressed in the










1 + a1kz−1 + a2kz−2
(3.5)
where g is the filter gain and b0k, b1k, b2k, a1k, and a2k are the coefficients of the
kth second order section. The gain of this filter is 0.9705 and the filter coefficient




1 −1.9999 1 1 −1.9977 0.9979
1 −1.9999 1 1 −1.9943 0.9944
1 −2 1 1 −1.9855 0.9857
1 −2 1 1 −1.9669 0.9673
1 −1.9999 1 1 −1.9993 1.9994
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(3.6)
Once synthesized, this filter was exported to MATLAB workplace, where zero-
phase filtering on the stored data was carried out using “filtfilt”’ command. Due
to zero-phase filtering, order of the original filter was doubled while the magnitude
response was squared, resulting in a 20th order zero-phase filter having a stopband
attenuation of 120 dB and a passband ripple of 0.02 dB. Both stopband and passband
frequencies remained unchanged.
Figure 3.10: Magnitude and phase response of the proposed filter
The main criterion behind the selection of a digital, offline filter for HF mea-
surements related to the work presented in this thesis is the availability of a HF
measuring equipment (transient recorder) having a resolution of 16 bits and a mea-
surement range of 400 V. The Elliptic approximation was selected as it has the
shortest transition width compared to the other types of IIR filters.
Figure 3.10 shows the magnitude and phase characteristics of the proposed zero-




Figure 3.11: A comparison between the proposed and the prevailing filters
posed filter and the Elliptic filter proposed in [47] that was introduced as the “pre-
vailing filter” in Section 3.5.2. Figure 3.11(b) illustrates the superior performance of
the proposed filter compared to the prevailing filter with respect to both magnitude
and phase responses.
A drawback of the proposed filter compared to the digital implementation of the
prevailing filter is its computational complexity, resulting in a longer execution time.
In order to filter a data array of 200,000 points, the proposed filter takes 0.0269 s
whereas the prevailing filter requires only 0.0091 s. The difference of processing time
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is less than a fraction of a second, and is not a reason for concern in offline signal
processing.
The proposed filter is easy to design and apply, causes no phase distortion, has
a near ideal magnitude response and causes no interference with the test setup. A
limitation is that it can only be used with measuring equipment having 16 bits or
higher resolution that can handle up to 400 V. However, as measurement equipment
having 16 bits or higher resolution is becoming increasingly popular, this would no
longer be a limitation.
3.5.4 Performance of the proposed filter
The performance of the proposed filter was examined using two tests; Test A and
Test B. Presented below is a detailed description of these tests.
Test A: Overall performance
Test A was designed to demonstrate the near-ideal magnitude and phase charac-
teristics of the proposed filter. It involves a signal having a dominant fundamental
component at 50 Hz, some low frequency harmonics and relatively small HF compo-
nents with known magnitudes and phase angles representing a realistic grid voltage
measurement. This was supplied to both the prevailing and proposed filters. Subse-
quently, both frequency domain and time domain results were analysed to assess the
capability of the proposed filter to successfully suppress the fundamental component
and its low order harmonics while preserving HF waveform information that is vital
for time domain analysis.
Figure 3.12 illustrates the frequency domain analysis of the original test signal,
and the HP filtered signals using the prevailing filter and the proposed filter. As
can be seen, the proposed filter attenuates the fundamental component and its low
order harmonics effectively compared to the prevailing filter. Moreover, the phase
of the filtered HF signals remain unaltered in the case of the proposed filter whereas
it is not the case for the prevailing filter.
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Figure 3.12: Frequency domain analysis results of Test A
Presented in Figure 3.13(a) is the time domain representation of the same signals
whereas Figure 3.13(b) shows an enlarged portion of the same. The waveforms in
green and blue are the outputs of the prevailing and proposed filters respectively.
The red waveform comprises the HF components found in the original test signal
(2 kHz, 5 kHz and 8 kHz) that can be used as an ideal benchmark to compare
the performance of the two filters in time domain. As can be seen, the output of
the prevailing filter deviates significantly from the HF components of the original
waveform. The reasons for this deviation are the impact of the remnants of 1.5 kHz
and 1.8 kHz signals (that are not properly filtered out) and phase deviations asso-
ciated with different frequency components which arise as a result of the non-linear
phase characteristics of the prevailing filter. In contrast, the output of the proposed
filter aligns with the HF portion of the original signal demonstrating its near-ideal
magnitude and phase responses.
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(a) Original waveforms
(b) Close up view of waveforms
Figure 3.13: Time domain analysis results of Test A
Test B: Zero phase filtering
This test was designed specifically to highlight the importance of zero phase filtering
in time domain analysis. Signal x [given in (3.7)] was applied to both filters as a




2 cos(2π × 50t) +
√
2 cos(2π × 2500t) +
√
2 cos(2π × 5000t− π) (3.7)
The results of Test B are shown in Figure 3.14. The output of the proposed
filter matches very well with the signal synthesised using the HF components of the
original signal while the output of the prevailing filter exhibits significant deviations
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Figure 3.14: Results of Test B
in wave shape and signal envelope. Unlike in Test A, no low order harmonics were
involved in this case. Therefore, no unfiltered low frequency components are present
in the output of the prevailing filter and thus the distortion can be purely attributed
to its non-linear phase response.
Figure 3.14(b) illustrates that even the peak-peak magnitude of the output signal
of the prevailing filter is different from that of the original HF signals, an outcome
that can be misleading in signal analysis. For this reason, it is recommended that
the proposed filter be used in HF measurements where waveform information is
considered important.
3.6 Chapter Summary
This chapter presented special considerations that should be given to HF measure-
ments and the instrumentation that can be used to successfully capture HF dis-
tortions superimposed on the mains supply. Three different analysis techniques,
namely: time domain analysis, frequency domain analysis and combined time-
frequency analysis were discussed individually with their merits and demerits.
For stationary HF signals such as those emitted by small-scale (output power ≤
10 kW), single-phase, grid-tied, PV inverters, frequency domain analysis was identi-
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fied to be both convenient and sufficient. It was further described that for analysing
HF emissions, frequency aggregation is beneficial and justifiable for a number of
reasons.
Further, a digital, offline, zero-phase, Elliptic filter was proposed to minimise the
impact of spectral leakage in HF measurements associated with public low voltage
electricity networks. This filter can be used with a measuring equipment having a
resolution of 16 bits or higher and a measurement range not less than 400 V.
It was shown that the proposed filter successfully attenuates the fundamental
and low order harmonics below 2 kHz while preserving magnitude and phase details
of the HF components. It has a near ideal magnitude characteristic and a zero
phase response causing no waveform distortion. This enables detailed time domain
analysis of the filtered signal related to its wave shape. Being a digital offline filter,
it is inexpensive and easy to design and use. The only limitation is that being an
offline filter, it cannot be used with a measuring instrument with less than 16 bit
resolution for HF voltage measurements in electricity supply networks. However, as
measuring instruments with 16 bits and higher resolution are becoming increasingly
available, the applications of the proposed filter will not be limited.
Chapter 4
HF Emissions from Commonly
Used Equipment Connected to
Public Low Voltage Systems
4.1 Introduction
This chapter presents the HF emission behaviour of a few commonly found power
electronic (PE) equipment connected to low voltage (LV) electricity distribution
networks. Based on their HF emission levels observed, EV chargers and PV inverters
are further studied as their HF emission levels are relatively high compared to the
other devices investigated. On EV chargers, their distinct HF emission patterns
and the factors that influence their HF emissions and explored. Followed by this,
identification of the factors which influence HF emissions from small scale, grid-tied,
single phase PV inverters is presented. For PV inverters, a relationship is drawn
between the inverter topology and their HF emission behaviour.
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4.2 Commonly Found HF Sources in the LV Distribution
Networks
Except for PLC communication systems where HF voltages are intentionally injected
to electricity distribution networks, HF emissions are unintentionally caused by PE
devices due to their internal switching operation. Despite the output filters used,
some of these emissions propagate to electricity distribution networks. Among the
equipment that are known to cause HF emissions, solar PV generation systems, LED
lamps, equipment with switch mode power supplies such as televisions and comput-
ers, inverter based appliances such as modern air-conditioners and refrigerators, and
electric vehicle chargers are prominent [1, 97].
Therefore, a simple study was initially undertaken on HF emissions from some
commonly found equipment in low voltage distribution networks in order to estab-
lish a general understanding of the HF levels and characteristics exhibited by those
HF sources. During the experiments, equipment was powered by the waveform gen-
erator (California Instruments MX30-3PI-400-SNk) except when examining the HF
emissions from the DC fast charger. The waveform generator can generate a clean
230 V/50 Hz supply and has negligible HF emissions as stated in Section 3.3.1. It
was operated in its regenerative mode while conducting experiments related to the
PV inverter. Both voltages and currents were captured using a transient recorder
(Hioki Memory HiCorder 8847A) according to the measurement procedure described
in Section 3.3. Given in Figures 4.1 to 4.5 are the results obtained for LCD televi-
sion, inverter based refrigerator, LED lamp, PV inverter and EV Charger. Emission
measurements of an inverter based air-conditioner, a compact fluorescent lamp, a
desktop computer, a DC fast charger for EVs, a non-inverter based refrigerator,
a non-inverter based air-conditioner and a microwave oven are presented in Ap-
pendix A.
As can be seen from the initial study, HF emissions vary considerably from
one equipment to another. They differ in magnitude, emission pattern (broadband
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(a) Time domain analysis - unfiltered
















(b) Time domain analysis - filtered

















(c) Frequency domain analysis






































(d) Time-Frequency analysis - filtered
Figure 4.1: HF emissions from an LCD television















(a) Time domain analysis - unfiltered

















(b) Time domain analysis - filtered
















(c) Frequency domain analysis


































(d) Time-Frequency analysis - filtered
Figure 4.2: HF emissions from an inverter based refrigerator
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(a) Time domain analysis - unfiltered

















(b) Time domain analysis - filtered

















(c) Frequency domain analysis


































(d) Time-Frequency analysis - filtered
Figure 4.3: HF emissions from an LED lamp

















(a) Time domain analysis - unfiltered















(b) Time domain analysis - filtered


















(c) Frequency domain analysis




































(d) Time-Frequency analysis - filtered
Figure 4.4: HF emissions from a single phase PV inverter
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(a) Time domain analysis - unfiltered















(b) Time domain analysis - filtered
















(c) Frequency domain analysis



































(d) Time-Frequency analysis - filtered
Figure 4.5: HF emissions from a on board level 1 EV charger
or narrowband), and the nature of their emissions (time variant or stationary).
Consequently, analysis of HF emissions from grid connected equipment cannot be
generalised: it requires analysis of each individual equipment or at least each type
of equipment, separately.
The contribution made by a particular type of equipment to the overall HF levels
in electricity distribution systems depends on the following factors:
• Magnitude of HF emissions caused by a single piece of equipment;
• Time duration the considered equipment keeps operating;
• The penetration level of that particular equipment in electricity distribution
networks.
Based on the studies undertaken, it can be seen that PV inverters and EV
chargers have considerably higher HF emission levels. Furthermore, these devices
generally operate over a long period every day and are rapidly penetrating the
electricity distribution networks. Consequently, PV inverters and EV chargers are
expected to have a considerable impact on the HF levels in electricity distribution
networks. Consequently, it was decided to explore their HF emission behaviour
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further.
4.3 HF Emissions from EV Chargers
Although EV charging can have a considerable impact on HF levels on public low
voltage networks, its HF emission characteristics are not fully explored yet [5, 37].
According to the current literature, HF emissions caused by EV chargers vary from
one EV to another depending on their internal construction and the mode of charging











(Level 1 & Level 2)
Figure 4.6: Different modes of charging electric vehicles
While electric vehicle chargers can be classified into inductive and conductive
chargers, the studies undertaken are limited only to the conductive chargers that
are commercially well established at present. Conductive charging has three different
levels, namely: Level 1, 2 and 3 based on their power handling capacity [103]. Both
Level 1 and 2 are on-board chargers that are located within the EV. Level 3 chargers
or DC fast chargers usually handle more than 20 kW and are installed off-board due
to their large size and heavy weight. While Level 1 chargers require a single phase
supply, and Level 3 chargers require a three phase supply and Level 2 chargers may
operate on either a single phase supply or a three phase supply [102,103].
While there are circuit level differences between different manufacturers, the ba-
sic power conversion steps of all conductive chargers are similar [102]. For instance,
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Figure 4.7: Schematic representation of an on-board charging station
Figure 4.8: Schematic representation of an off-board charging station
Figures 4.7 and 4.8 present schematic representations of an on-board charger and
an off-board charger, respectively. Here, “BMS” stands for battery management
system while the thick arrows represent communication paths between different
components. As both AC-DC converters and DC-DC converters have various topo-
logical implementations, the circuit level characteristics of different EV chargers can
vary significantly. For instance, instead of the uni-directional DC-DC converter,
some manufacturers use a bi-directional DC-DC converter so that a single DC-DC
converter can be used for both charging and propulsion. This approach can help
reduce the size, weight and cost associated with an on-board charger [102].
As the exact switching details of these converters within EV chargers are not
usually provided by manufacturers, conducting a theoretical analysis of the HF
emissions is beyond possibility. Consequently, the available literature related to HF
emissions from EV chargers is based on experimental evidence. In [5], HF emissions
from Level 1 and 2 chargers are analysed using controlled laboratory measurements
under standard supply conditions based on six different EVs. It is shown that HF
emissions from different EVs vary in frequency, emission level, and the number of
different HF emission stages incorporated within a single charging cycle. According
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to this study, HF emissions from some EVs are narrowband whereas some are broad-
band. A similar study is presented in [37] where HF emissions from four different
types of EVs have been analysed under laboratory conditions. However, none of
these studies have considered off-board EV charging stations.
4.3.1 Experiments conducted on EV chargers
In order to study HF emissions caused by EV charging, two experiments; Experi-
ment 1 and Experiment 2, were conducted based on two EVs (details of these EVs are
given in Table 4.1). EV1 comprises a Level 1 on-board charger and a CHAdeMO
port for DC fast charging. EV2 also has a Level 1 on-board charger but a CCS
connection for DC fast charging. During Experiment 1, both EV1 and EV2 were
charged using a 50 kW DC fast charging station. During Experiment 2, the EVs
were charged using their on-board chargers, first connected to the grid and then
connected to a waveform generator that supplied 230 V/50 Hz. Only the HF emis-
sions from Level 1 and Level 3 EV chargers were investigated in these experiments
as Level 2 charging stations on site did not have readily accessible measurement
points suitable for HF measurements.
Table 4.1: Details of the EVs used in experiments
Description EV1 EV2
On-board charger Level 1 (3.6 kW) Level 1 (2.0 kW)
DC charging port CHAdeMO (50 kW) CCS (50 kW)
Battery details Lithium-Ion (24 kWh) Lithium-Ion (33 kWh)
During the experiments, EVs were charged from approximately 15% of battery
level to approximately 95%. During Experiment 1, voltage and current measure-
ments were undertaken at the grid connection point of the DC fast charger. Mea-
surements related to Experiment 2 were first taken at the socket outlet where the
EVs were plugged in during the first part of the experiment, and then at the output
of the waveform generator that was used to supply the EVs during the second part
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(a) At the DC fast charger (phase A)


























(b) At the socket outlet where EVs were plugged in
Figure 4.9: Background distortion levels
of the experiment.
Prior to the experiments, HF sources such as PV inverters and motor drives in the
building where the experiments were conducted were disconnected from the supply
to minimise background HF emissions (however, it was not possible to disconnect the
heating, ventilation and air conditioning (HVAC) system of the building). Following
this, background HF measurements were undertaken at the DC fast charging station
and at the socket outlet where EVs were connected to the grid during Experiment 2.
The results of these measurements (presented in Figure 4.9) indicated that the
background HF voltages were not significant at the HF emission frequencies of the
EVs.
4.3.2 Results of the experiments pertaining to EV charging
According to the measurements, DC fast charging of both EVs and Level 1 charging
of EV1 caused narrowband HF emissions that were highly concentrated in the first
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emission band. Therefore, it was decided to consider only the first HF emission
band for analysis purposes. As explained in Section 3.3.3, individual HF voltages
and currents in the first HF emission band were aggregated into single equivalent
values representing the spectral energy of the entire frequency band at its centre





However, the HF emissions resulting from the on-board charging of EV2 are of
broadband nature which span from 2 kHz to 6 kHz. Due to the unavailability of any
other suitable method, it was decided to frequency aggregate currents and voltages
from this entire frequency band into a single equivalent value for ease of analysis.
Experiment 1
Experiment 1 involved charging both the EVs using a DC fast charger. EVs were
charged from approximately 15% of battery level to approximately 95%. The results
of this experiment are illustrated in Figure 4.10. The charging pattern exhibited
by the DC fast charging station varies with the EV being charged. As shown in
Figure 4.10(a), when the DC fast charger is connected to EV1, the charging current
drops exponentially from an initial value of approximately 70 A, corresponding to
constant voltage charging. The charging cycle consist of one stage only and the
time taken to charge EV1 from a battery level of 15% to 95% is approximately
30 minutes. However, when charging EV2, the charging cycle has two distinct regions
(See Figure 4.10(b)). During the first 30 minutes, the fundamental charging current
is constant and during the next 30 minutes, the charging current drops exponentially
(this drop is much steeper compared to that of EV1). These two regions correspond
to constant current charging mode and constant voltage charging mode, respectively.
Considering the magnitudes of the HF currents shown in Figures 4.10(c) and
4.10(d), a clear difference can be seen across the three phases of the DC fast charger
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(a) Fundamental charging current when
connected to EV1























(b) Fundamental charging current when
connected to EV2













(c) Variation of Ihf when charging EV1













(d) Variation of Ihf when charging EV2















(e) Variation of Vhf when charging EV1















(f) Variation of Vhf when charging EV2
Figure 4.10: Results of Experiment 1 (DC fast charger)
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Figure 4.11: First emission band related to the HF emissions from the DC fast
charger
regardless of the EV being connected. This is most probably caused by the difference
of grid impedances across the three phases at the HF emission frequencies of the DC
fast charger. However, the pattern of variation of HF emissions from all the three
phases is similar. Further, the HF emissions from the DC fast charging station when
charging EV1 show only one stage whereas they exhibit two stages when charging
EV2. As depicted in Figure 4.10(e) and 4.10(f), Vhf also follows a similar pattern
as Ihf .
As expected, the switching frequency of the DC fast charging station is seen to
remain constant regardless of the EV being charged. Figure 4.11 shows the first HF
emission band of the DC fast charger. As can be seen, the centre frequency (fc)
of the first HF emission band of the DC fast charger is 10.6 kHz. Individual HF
emissions are centered around fc and are separated from each other by 100 Hz.
The variation of Ihf with the fundamental charging current is presented in Fig-
ure 4.12. Accordingly, Ihf of each phase of the DC fast charger exhibits an ap-
proximately inverse proportional relationship with the fundamental charging cur-
rent. Further, it can be seen that the relationship between Ihf and the fundamental
charging current remains nearly independent of the EV being charged, up to around
45 A of fundamental charging current. Thereafter, Ihf resulting from the charging
of EV2 deviates from that of EV1, however, this deviation is minor (< 10%) and
symmetrical around Ihf resulting from EV1.
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Figure 4.12: Relationships between Ihf and the fundamental charging current of the
three phases of the DC fast charging station
Experiment 2
Experiment 2 involved charging both the EVs using their Level 1 on-board chargers.
First, the EVs were charged using the mains supply and later using the waveform
generator. Presented in Figures 4.13 and 4.14 are the results pertaining to on-board
charging of EV1. As can be seen in Figure 4.13(a), HF emissions from Level 1
charging of EV1 are narrowband and the first emission band has a bandwidth of
roughly 800 Hz. Since EV1 can take up to 16 - 19 hrs for Level 1 charging, it
was decided to charge the vehicle using the DC fast charging station and use on-
board Level 1 charger only at distinct charge levels of the battery. As can be seen
from Figure 4.13(b), the magnitude of fc started from one value and gradually
changed to a different value each time the EV was plugged to the grid using its
on-board charger. To investigate this further, EV1 was charged using the clean
230 V/50 Hz supply from the waveform generator using the same Level 1 charger for
a longer period of time and was disconnected and immediately reconnected only once
during this time period. The results of this experiment are shown in Figure 4.13(c).
Hence it can be confirmed that the variation of fc is not a consequence of any
grid condition, but a characteristic of the charger itself. Moreover, according to
Figure 4.14, Level 1 charging of EV1 has only one state for the entire charging
cycle and both HF emissions and the fundamental charging current remain almost
unchanged throughout the whole process.
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(a) First emission band of EV1



















(b) fc when supplied by the grid - multiple disruptions











(c) fc when supplied by the waveform generator - single
disruption
Figure 4.13: HF emissions from Level 1 charging of EV1
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Figure 4.14: Variation of Ihf and the fundamental charging current of EV1 during
Level 1 charging
As can be seen from Figure 4.15, Contrary to EV1, EV2 exhibited very little HF
emissions when charged by its on-board charger. Significant emissions were seen at
frequencies below 2 kHz and the switching frequency was around 240 kHz. HF emis-
sions having less than 40 mA were seen in the frequency range of 2 - 150 kHz; some
of these were primary emissions (originated from the EV itself) whereas some were
secondary emissions (originated due to background HF emissions). As the primary
emissions were weak, in order to distinguish them from the secondary emissions, EV2
was charged using a clean power supply from the waveform generator for a short
period of time. Consequently, broadband emissions spanning from 2 kHz to 6 kHz
were identified as the primary HF emissions in the frequency range of 2 - 150 kHz.



















Figure 4.15: HF emissions from Level 1 charging of EV2
As noted earlier, the broadband emissions from EV2 were aggregated into a
single equivalent value for analysis purposes. The variation of this aggregated HF
current (Ihf ) and the fundamental charging current throughout one charging cycle is
shown in Figure 4.16. The sudden increase of Ihf at around minute 470 that remains
until minute 650 is caused by the HVAC system in the building that could not be
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Figure 4.16: Variation of Ihf and the fundamental charging current of EV2 during
Level 1 charging
disconnected during experiments. Therefore, it can be stated that both Ihf and
fundamental charging current remain roughly constant throughout the full charging
cycle. Consequently, Level 1 charging of EV2 also gives rise to an approximately
flat charging cycle.
It should be noted that even though Ihf of EV2 is around 150 mA, it does not
have an equivalent impact of a 150 mA HF current measured at EV1 due to aggre-
gation over a wide frequency range (the bandwidth of HF measurements related to
EV2 was 4 kHz whereas the bandwidth related to HF measurements pertaining to
EV1 was only 0.8 kHz) and the emissions consist of many small frequency compo-
nents rather than several significant ones. Ihf in this scenario is used merely as an
indication of the spectral energy pertaining to the broadband emissions as a whole.
Further, it was observed that the magnitude of HF emissions from both EVs
changed once the power source was changed from the grid to the waveform generator.
When supplied by the waveform generator, Ihf of EV1 was around 320 mA and that
of EV2 was approximately 120 mA. This is a result of the impedance variation seen
by the EV charger at its HF emission frequencies as the supply was changed from
the grid to the waveform generator. Accordingly, HF emissions from EV chargers
can vary with the varying grid impedance at their HF emission frequencies.
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4.3.3 Insights for developing HF models of electric vehicle chargers
Based on the observations presented in Section 4.3.2, following recommendations
can be made for development of DC fast chargers.
• HF emissions from a DC fast charger depend on the characteristics of the
charger as well as the vehicle being charged. Therefore, the model should
consider both charger and the EV being charged.
• HF currents caused by the three phases can vary significantly. Therefore, the
HF behaviour of each phase should be studied individually.
• The emission frequencies will be governed by the charger itself as power con-
version takes place inside the charging station.
Further, according to the experimental results pertaining to Level 1 charging of
EV1 and EV2, some observations that are useful in developing HF models of Level 1
EV chargers are given below:
• HF emissions originated from Level 1 EV charging depends heavily on the EV
being charged. These emissions can be broadband, narrowband or a mixture
of the both. The model should be capable of representing these emissions
accurately.
• The switching frequency of an EV charger can be either stationary or variable.
If it is variable, attention should be paid to factors affecting its variation such
as supply interruptions and time elapsed from the start of charging.
Moreover, the following are applicable to both DC fast charging and Level 1
on-board charging:
• It may be possible to develop a relationship between Ihf and the fundamental
charging current drawn by the charger as shown in Figure 4.12. If so, this
relationship should be studied under different grid impedance conditions at
HF emission frequencies. Consequently, it may not be able to represent the
78
charger as a simple current source, thus the internal impedance of the charger
may have to be modelled.
• If the models are developed in frequency domain, the modelling effort can be
minimised by aggregating the HF emissions into frequency bands rather than
modelling each individual frequency separately.
4.4 HF Emissions from Photovoltaic (PV) Inverters
Almost all commercially available single phase, grid-tied PV inverters in the market
today are self-commutated and use various modulation techniques such as Pulse
Width Modulation (PWM) in their internal switching operations. This PWM
switching is done at high frequencies releasing HF emissions into the grid as an
unwanted component. There are numerous types of PWM strategies available to
date. However, the basics behind many PWM techniques are more or less similar.
The output of a single phase inverter using natural, unipolar PWM is described in
(4.2). The first term on the right hand side corresponds to the desired output voltage










× cos((m+ n− 1)π)






Vout : output voltage
Vdc : DC link voltage
Vgrid : grid voltage
M : modulation index
f : grid frequency
t : time
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J2n−1 : Bessel function of order 2n-1
fs : switching frequency
Significant levels of HF emissions caused by a PV inverter due to its internal
switching operation are filtered by its low-pass filter. However, like any other engi-
neering design, a filter design too is a compromise between the cost and perceived
benefits. Moreover, there are no standards regulating the voltage and current emis-
sions from PV inverters in the range of 2 - 150 kHz to-date. Historically, the atten-
tion has been paid at controlling electromagnetic interference beyond 400 kHz that
is regulated by international standards. Consequently, not all the HF emissions are
blocked by the low pass filters or the EMI/EMC filters used in the PV inverters, and
some propagate to the public low voltage networks giving rise to increased levels of
HF distortions.
4.4.1 Topologies used in small, grid-tied photovoltaic inverters
Almost all the small-scale, single-phase, grid-tied, PV inverters fall into one of the
three PV inverter topologies that describe the basic construction of the PV inverters
and therefore the way how they operate. Figure 4.17 is a schematic representation
of these three basic PV inverter topologies.
PV inverters with low frequency transformers (LF inverters)
This is the simplest topology used in PV inverters. As can be seen from Figure
4.17(a), the DC power from the PV array is first boosted up by the boost con-
verter (optional) before being converted into AC power at 50 Hz or 60 Hz using
a low frequency (LF) inverter. The low frequency transformer followed by the in-
verter regulates the output voltage while providing galvanic isolation between the
PV modules and the grid. Due to the use of this LF transformer, these inverters
are large in size, heavy, more expensive and less efficient compared to other types of
inverters [28]. However, they are considered durable, less likely to emit DC currents
into the electricity grids and feature a high peak power capacity making them more
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(a) PV inverter with a LF transformer
(b) PV inverter with a HF transformer
(c) Transformer-less PV inverter
Figure 4.17: Topologies of small-scale, grid-tied, single-phase PV inverters
suitable for off-grid applications with large power requirements.
PV inverters with higher frequency transformers (HF inverters)
In this type of inverters (Figure 4.17(b)), the DC power from the PV array is first
converted to higher frequency AC by the inverter 1. Then a HF transformer is used
to boost the low voltage to a higher voltage. However, the frequency of this AC
voltage is much greater than that of the grid. Therefore, a further conversion step
converts this higher frequency voltage to a DC voltage using a rectifier. Inverter 2
produces a waveform with a voltage and frequency suitable for grid connection.
Due to the use of a HF transformer, these inverters too provide galvanic isolation.
Moreover, these are light, compact, inexpensive and feature a higher efficiency com-
pared to the LF inverters due to the replacement of the LF transformer with a HF
transformer.
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Transformer-less PV inverters (TL inverters)
In this topology (Figure 4.17(c)), a transformer is not used. Instead, a DC-DC
converter is used to boost the DC voltage from the PV array to a voltage level
greater than the peak-peak value of the nominal grid voltage. This DC voltage is
then converted to a lower AC voltage at power frequency in the inverter stage. As
no galvanic isolation is present, these PV inverters use other means to minimize the
ground leakage current. Further, due to the absence of a transformer, this type of
inverters are more efficient, light, compact and inexpensive compared to their coun-
terparts [28].
Due to the advantages described above, the present market trend is towards transformer-
less PV inverters. Many HF inverters too can be seen in the electricity distribution
systems as they were a popular choice previously. The existing, LF inverters are
expected to phase out over a period, at least in the case of rooftop applications.
4.4.2 Experimental setup used to measure HF emissions from PV
inverters
Seven commercially available small-scale (output power ≤ 10 kW), grid-tied, single
phase PV inverters were selected covering all three PV inverter topologies described
in Section 4.4.1. Measurements were undertaken at the University of Wollongong
(UoW), Australia, and the Technische Universitaet Dresden (TUD), Germany. The
details of the PV inverters used in the experiments are given in Table 4.2. Only single
phase PV inverters were used in this controlled study due to the limitations related
to the power handling capacity of the PV emulators used to drive the inverters.
The experimental setup used at UoW is shown in Figure 4.18. Each PV inverter
was connected to the waveform generator operating in its regenerative mode. In
this mode, the waveform generator provides a 230 V/50 Hz reference signal while
absorbing the generated power of the PV inverter. The PV emulator was used to
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Inverter A LF Transformer 4.6 (1 phase) 260-585
Inverter B HF Transformer 2.5 (1 phase) 230-500
Inverter C HF Transformer 2.6 (1 phase) 175-560
Inverter D Transformer-less 3.0 (1 phase) 200-500
Inverter E Transformer-less 3.6 (1 phase) 165-530
Inverter F HF Transformer 10 ( 3× 1 phase) 230-500
Inverter G Transformer-less 4.6 (1 phase) 175-500
provide the necessary DC supply to the inverter. A similar experimental setup was
used at TUD.
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     &
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Figure 4.18: Experimental setup used to measure HF emissions from the PV invert-
ers
HF emissions from PV inverters are affected by the ambient conditions (irradi-
ance and temperature). These ambient conditions are reflected through the max-
imum power point tracking voltage (VMPPT ) and the input power to the inverter
which in turn is proportional to the power output of the inverter (Pout).
In the first set of experiments, each inverter was operated at its rated power
under varying VMPPT levels. VMPPT was varied in the full range as specified in
the technical data sheet of each inverter. In the second set of experiments, Pout of
each inverter was gradually varied keeping VMPPT constant. This was repeated for
different VMPPT values equally separated in the full range.
As shown in Figure 4.18, VMPPT , input DC current and the input power to PV
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(a) Single phase PV inverter


























(b) Three phase PV inverter
Figure 4.19: HF emissions from PV inverters
inverters were monitored throughout the experiment using a power quality data
monitor, whereas the output AC voltage and current were recorded using a tran-
sient recorder. Subsequently, the measurement data were analysed in the frequency
domain.
HF emissions from PV inverters demonstrate discrete side bands. Unlike in three
phase PV inverters, the first emission band of a single phase inverter is responsible
for major part of HF emissions as shown in Figure 4.19. The first HF emission band
of a single phase PV inverter is generally constrained to a bandwidth of 800 Hz
as illustrated in Figure 4.20. Consequently, the currents and voltages of the first
emission band of all the PV inverters were aggregated into a single quantity using
(4.1) for ease of analysis.


















Figure 4.20: The first HF emission band of Inverter C
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4.4.3 Results from PV inverter Experiments
Maximum HF emission from each inverter
The maximum HF emission levels from each inverter during the experiments are
given in Table 4.3. Accordingly, HF emissions are lowest in the case of LF in-
verter. This can be attributed to the significant series inductance associated with
the bulky transformer used at its output. TL inverters on the other hand have no
transformers embedded in their designs and exhibit the highest levels of HF emis-
sions whereas emissions from HF inverters stand in between the other two inverter
types as expected. As TL inverters are becoming increasingly popular in rooftop
PV applications, a considerable growth of HF emissions in the electrical distribution
networks with high penetration levels of PV inverters can be expected.
Table 4.3: Centre frequencies and the maximum observed HF emission from each of









during the test (mV)
Inverter A LF Transformer 8 17
Inverter B HF Transformer 20 263
Inverter C HF Transformer 16 380
Inverter D Transformer-less 21 1122
Inverter E Transformer-less 25 1225
Inverter F HF Transformer 20 454
Inverter G Transformer-less 16 931
Variation of Vhf with VMPPT
HF emissions from the tested PV inverters demonstrated two different types of be-
haviours with varying VMPPT level. The first type of behaviour (henceforth referred
to as Vdc - type 1 behaviour) is demonstrated in Figure 4.21(a) based on data ex-
tracted from Inverter C. The HF emissions are nearly constant throughout the entire
VMPPT range.
The second type of behaviour (henceforth referred to as Vdc - type 2 behaviour)
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(a) Vdc - type 1 behaviour


























(b) Vdc - type 2 behaviour
Figure 4.21: HF emissions from PV inverters based on VMPPT
is illustrated in Figure 4.21(b) based on data extracted from Inverter E. In contrast
to Vdc - type 1 behaviour, Vdc - type 2 behaviour demonstrates a high dependency of
HF emissions with VMPPT . HF emissions are constant up to a certain VMPPT level,
and then increases linearly with increasing VMPPT . The change of HF emissions
throughout the entire VMPPT range is around 50% of the highest HF emission of the
inverter.
Table 4.4: Behaviour of HF emissions from PV inverters related to VMPPT
Inverter name Inverter topology
Behaviour
related to VMPPT
Inverter A LF Transformer Vdc type 1
Inverter B HF Transformer Vdc type 1
Inverter C HF Transformer Vdc type 1
Inverter D Transformer-less Vdc type 2
Inverter E Transformer-less Vdc type 2
Inverter F HF Transformer Vdc type 1
Inverter G Transformer-less Vdc type 2
A summary of different HF behaviour exhibited by the seven PV inverters studied
in response to the variation of VMPPT along with their inverter topology is presented
in Table 4.4. An important observation can be made based on these results. The
PV inverters exhibiting Vdc - type 1 behaviour are inverters with transformers. All
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other PV inverters with Vdc - type 2 behaviour are transformer-less inverters. This
suggests that the topology of a PV inverter has an impact on the behaviour of its
HF emissions.
As the dominant switching device, the HF emissions from a PV inverter are
largely governed by its final inverter stage. HF emissions from PV inverters depend
heavily on the DC voltage the final inverter stage receives as its input. Moreover,
the attenuation provided by the output filters or any other components of the PV
system too plays an important role in determining the level of HF emissions that
propagate to the connected network.
Related to the transformer-less inverters, when the VMPPT is low, the DC-DC
converter boosts the DC voltage to a constant value. Once VMPPT exceeds this
value, the operation of the DC-DC converter is no longer required, thus the voltage
supplied to the final inverter stage steadily increases with increasing VMPPT . This
increase in DC voltage supplied to the final inverter stage is reflected as an increase
in the output HF emissions giving rise to Vdc - type 2 behaviour.
In contrast, the final inverter stage of PV inverters with HF transformers has
a reasonably constant DC supply due to the tap operation of the HF transformer,
thus producing more or less constant HF emissions throughout the entire VMPPT
range demonstrating Vdc - type 1 behaviour.
Only one PV inverter with a LF transformer was available for testing. It exhib-
ited a very close resemblance to Vdc - type 1 behaviour, however the HF emissions
were very low due to the high impedance offered by the low frequency transformer
(less than 20 mV).
Variation of Vhf with Pout
The behaviour of HF emissions from the tested PV inverters under varying Pout
levels also can be categorized into two types, henceforth referred to as Pout - type A
behaviour and Pout - type B behaviour. As illustrated in Figure 4.22(a) based on
data extracted from Inverter C, in Pout - type A behaviour, no significant change
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(a) Pout - type A behaviour






























(b) Pout - type B behaviour
Figure 4.22: HF emissions from PV inverters based on Pout
of HF emissions can be seen under different Pout levels. However, the PV inverters
demonstrating Pout - type B behaviour show a significant variation of HF emissions
with changing Pout levels as shown in Figure 4.22(b) based on data extracted from
Inverter E. In both the cases, VMPPT was maintained at the maximum value permit-
ted for each inverter. The behaviour of each PV inverter with Pout is summarised in
Table 4.5 where no relationship can be seen between the topology of a PV inverter
and its HF emission behaviour with Pout.
Table 4.5: Behaviour of HF emissions from PV inverters related to Pout
Inverter name Inverter topology
Behaviour
related to Pout
Inverter A LF Transformer Pout type A
Inverter B HF Transformer Pout type B
Inverter C HF Transformer Pout type A
Inverter D Transformer-less Pout type A
Inverter E Transformer-less Pout type B
Inverter F HF Transformer Pout type B
Inverter G Transformer-less Pout type A
The PV inverters that show Pout - type A behaviour at the highest VMPPT value
do not show any appreciable variation of HF emissions with Pout at other VMPPT
values as well. Similarly, PV inverters with Pout - type B behaviour at the highest
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VMPPT value exhibit the same type of behaviour at other VMPPT values. However,
in the latter case, the relationship between Pout and the HF emissions from the
PV inverter depends on the VMPPT level as well. This relationship is graphically
illustrated in Figure 4.23 using data extracted in relation to Inverter E.
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Figure 4.23: Variation of HF emissions from inverter E with Pout and VMPPT
In summary, HF emissions from the tested PV inverters exhibit two types of
behaviours with Pout, namely Pout - type A behaviour and Pout - type B behaviour.
The root cause of this phenomenon is not explicitly known yet. However, it may be
attributed to the characteristics of the internal impedance of the PV inverter at HF
emission frequencies.
4.5 Chapter Summary
In this chapter, HF emissions from commonly used PE based equipment connected to
public low voltage networks were explored. Based on the study results, PV inverters
and EV chargers were identified as HF sources with a relatively high impact on the
grid HF levels, and hence were further investigated.
Consequently, HF emissions from two electric vehicles under DC fast charging
and on-board Level 1 charging were studied. It was shown that the HF emissions
arising from DC fast charging is influenced by the characteristics of both the charger
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and the vehicle being charged. The two electric vehicles exhibited very different
HF emission characteristics when charged using their on-board Level 1 chargers
with one vehicle having variable frequency narrowband emissions and the other
having fixed frequency broadband emissions. Based on the experimental results,
recommendations for modelling of electric vehicle chargers in the frequency range of
2 - 150 kHz were made.
According to the experimental results related to small-scale (output power ≤ 10
kW), grid-tied, single phase PV inverters, HF emissions from the PV inevrters were
found to be lowest in the case of low frequency inverters, moderate for higher fre-
quency inverters and highest in the case of transformer-less inverters. These obser-
vations are in line with the HF attenuation properties of the transformers. Further,
HF emissions from the tested PV inverters demonstrated two types of behaviours
with MPPT voltages; Vdc - type 1 behaviour (constant HF emissions) and Vdc - type 2
behaviour (varying HF emissions). They also exhibited two distinct behaviours with
the output power level of the inverter referred to as Pout - type A behaviour (constant
HF emissions) and Pout - type B behaviour (varying HF emissions).
The overall results showed a relationship between the topology of the PV in-
verter and the behaviour of HF emissions with MPPT voltages. All inverters with
transformers exhibited Vdc - type 1 behaviour whereas all transformer-less invert-
ers demonstrated Vdc - type 2 behaviour. However, no relationship was observed
between the topology of the inverter and the behaviour of HF emissions with the
inverter output power level. It is suggested that this behaviour can be attributed
to the characteristics of internal impedance of the PV inverter at its HF emission
frequencies.
Chapter 5
A Generic Method to Model the




As elaborated in Chapter 4, PV inverters are a major contributor to high frequencies
in low voltage electricity distribution networks. Therefore, it is salient to develop
models of PV inverters that are suitable for HF studies. With this as the main
objective, a generic method that can be used to develop HF models of small-scale (<
5 kW), grid-tied, single-phase PV inverters using a black box approach is presented in
this chapter. Accordingly, HF models of three PV inverters that are commonly used
in domestic and commercial installations are developed assuming typical network
conditions. It is shown that these HF models are capable of successfully capturing





Among many HF sources, such as EV chargers and small-scale battery storage con-
verters, PV inverters are prominent in low voltage distribution networks. Several
studies have investigated the behaviour of HF emissions from small (< 5 kW), grid-
tied, single-phase PV inverters under different conditions [2,48,60]. While there are
time domain models (white box models) for PV inverters covering the low frequency
range, whether those can be used in the range of 2-150 kHz has not been examined
to-date [1].
Even in the low frequency range, modelling of a white box model requires in-
depth knowledge of the internal circuitry and control systems which are not usually
disclosed by the inverter manufacturers. Further, the process is complex and time
consuming. The most essential drawback of such an approach is that a HF model
developed as such is applicable only to a very specific type of PV inverters, if not a
single inverter. Therefore, a black box approach is preferred in developing models
of PV inverters for HF emission studies. However, no such models are available in
the literature to date.
5.3 Overview of the Proposed HF Models
Three small-scale (< 5 kW), grid-tied, single-phase PV inverters that are commonly
used in domestic and commercial installations were selected for modelling (the rea-
son for selecting only single-phase inverters is the limitation of the power handling
capacity of the PV emulator used for laboratory experiments). Two of these are high
frequency (HF) inverters and the other is a transformer-less (TL) inverter. These
three PV inverters are manufactured by three different leading manufacturers of
which the specifications are given in Table 5.1.
Frequency domain HF models are developed in this chapter for each PV inverter
as either a Thevenin model (see Figure 5.1(a)) or a Norton model (see Figure 5.1(b)).
These models assume a standard 230 V/50 Hz grid voltage and capture the variation
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Entity Inverter A Inverter B Inverter C
Nominal output power 2.6 kW 2.5 kW 3.6 kW
MPPT voltage range 230 V - 500 V 175 V - 570 V 200 V - 530 V
Inverter topology HF inverter HF inverter TL inverter
Centre frequency (fc) 20 kHz 16 kHz 25 kHz

















(b) Norton equivalent circuit
Figure 5.1: Circuit models used for modelling purposes
of HF source and sink performance of the selected PV inverters under different grid
impedance conditions, MPPT voltage and power output levels.
The process followed in the development of HF models of the selected PV invert-
ers is summarised in Figure 5.2 in a flow diagram and described in detail in Sections
5.4 - 5.8. This process is based on controlled experiments carried out under labora-
tory conditions and uses experimental results to run an optimisation program that
determines model parameters. The method presented can be applied as a generic
process for developing HF models of small-scale (< 5 kW), grid-tied, single-phase
PV inverters.
5.4 Primary Data Acquisition and Influencing Factor Iden-
tification
Possible influencing factors that can impact the HF behaviour of PV inverters can
be identified as;
• Power output of the inverter (Pout)
• Maximum power point tracking voltage (VMPPT )
• Grid impedance at fc seen by the inverter (Zgrid)
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Figure 5.2: Process of HF model development of small-scale, grid-tied, single-phase
PV inverters
• Grid/reference voltage (Vgrid)
• Grid/reference frequency (fgrid)
• Harmonic distortion level (below 2 kHz) of the grid/reference voltage (VTHD)
In order to determine whether a particular factor has a considerable impact
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on the HF behaviour of a particular PV inverter, each PV inverter was operated
such that only the selected factor was varied in its full range (as specified either in
AS 60038-2012 [105] covering standard voltages or other the technical specifications
of the inverter), while maintaining other factors at their reference values. These
reference values are given below:
Pout : Nominal output power of the considered inverter
VMPPT : 400 V
Zgrid : (0.5 + j0.5)Ω
Vgrid : 230 V
fgrid : 50 Hz
VTHD : 0%
The range in which each of the above factors was varied is given in Table 5.2.
If there was more than ± 10% variation of HF emissions from a PV inverter when
the selected factor was varied in its full range, then that factor was identified as an
influencing factor which should be considered in modelling the HF behaviour of the
PV inverter. Accordingly, Table 5.3 that depicts the influencing factors of each PV
inverter was developed (The experimental setup used to gather this information is
described in Section 5.5.2).
Range of Variation
Factor
Inverter A Inverter B Inverter C
Pout 0.1− 2.6 kW 0.5− 2.5 kW 0.2− 3.6 kW
VMPPT 200− 500 V 200− 570 V 200− 530 V
Zgrid 0.7− 35 Ω 0.7− 35 Ω 0.7− 35 Ω
Vgrid 220− 250 V 220− 250 V 220− 250 V
fgrid 49.9− 50.1 Hz 49.9− 50.1 Hz 49.9− 50.1 Hz
VTHD 0%− 5% 0%− 5% 0%− 5%
Table 5.2: Range of variation of potential influencing factors
As can be seen from Table 5.3, fgrid and VTHD have no appreciable influence on
the HF emissions from any of the PV inverters. Vgrid on the other hand, influences
only Inverter C and has negligible influences on Inverters A and B. Therefore, it
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Inverter Name Pout VMPPT Zgrid Vgrid fgrid VTHD
Inverter A 3 7 3 7 7 7
Inverter B 3 3 3 7 7 7
Inverter C 3 3 3 3 7 7
Table 5.3: Identified influencing factors for each PV inverter
was decided to assume the standard mains supply of 230 V/50 Hz as the reference
voltage of the PV inverters in order to reduce the complexity of the modelling
process. Consequently, the PV inverters were tested taking into account only the
influence of the first three factors: Pout, VMPPT , and Zgrid.
5.5 Data Acquisition
Controlled laboratory experiments were conducted to acquire a sufficient quantity
of data to model the HF behaviour of PV inverters. Two experimental setups
were used, the first to determine the internal impedance of the PV inverters using a
frequency sweep to characterise their HF sinking behaviour (Zin) at non-HF emission
frequencies ranging from 1 kHz to 30 kHz. The second experiment was used to
measure the HF emissions from PV inverters under different operating conditions
in order to model the HF sourcing behaviour ((Vs and Zin) or (Is and Yin)) of the
PV inverters at their HF emission frequencies (fc).
5.5.1 Experiment 1: Frequency sweep to determine the internal impedance
of PV inverters
In this experiment, the internal impedance (Zin) of each PV inverter was deter-
mined at different non-HF emission frequencies ranging from 1 kHz to 30 kHz (the
frequency range was limited to 30 kHz due to the limitations of the available linear
power amplifier (Spitzenberger Spies, 4 quadrant amplifier, APS 5000) - nonetheless,
the experimental methodology is valid up to 150 kHz). As the standard 230 V/50 Hz
mains supply was assumed and as Zgrid does not impact the internal impedance of
the PV inverters, only Pout and VMPPT were considered as influencing factors in
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determining the internal impedance of the PV inverters. A block diagram represen-
tation of the experimental setup used for measuring the internal impedance of PV
inverters is shown in Figure 5.3.







Control Commands Control Commands
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Current
Figure 5.3: Experimental setup used to determine the internal impedance of the PV
inverters at non-HF emission frequencies
In the experimental set up, the programmable PV emulator establishes the be-
haviour of a PV array and can be used to control VMPPT and Pout (Pout is controlled
by the power input to the PV inverter). While providing the standard 230 V/50 Hz
supply, the linear power amplifier superimposes a frequency sweep of 0.5 V in the
range of 1 − 30 kHz on the reference voltage. The resistor bank is used to dissipate
the power generated by the PV inverter and the linear power amplifier while the
measuring equipment logs the current and voltage waveforms at the input and the
output of the PV inverter. This setup was used to collect data pertaining to all three
inverters, which was subsequently used to determine Zin of each PV inverter under
a wide range of operating conditions at different non-HF emission frequencies. For
instance, Figures 5.4 - 5.6 show Zin (R and X) values determined under different
operating conditions of Inverters A, B and C, respectively, at their non-HF emission
frequencies.
As can be seen in Figure 5.4(a), Zin (A) shows no appreciable variation with
VMPPT . However, it varies with Pout and frequency as illustrated in Figure 5.4(b) at
400 V. Since the variation of Zin (A) with VMPPT is neglected, the variation of Zin (A)
with Pout shown in Figure 5.4(b) can be considered valid for all the VMPPT values. As
illustrated in Figure 5.6, Zin (C) also shows a similar behaviour having a very small
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(a) At Pout = 0.8 kW under different
VMPPT levels
(b) VMPPT = 400 V under different Pout
levels
Figure 5.4: Internal impedance of Inverter A
(a) At Pout = 2.5 kW under different
VMPPT levels
(b) VMPPT = 400 V under different Pout
levels
Figure 5.5: Internal impedance of Inverter B
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(a) At Pout = 3.6 kW under different
VMPPT levels
(b) VMPPT = 400 V under different Pout
levels
Figure 5.6: Internal impedance of Inverter C
variation with VMPPT and a strong correlation with Pout and frequency. Moreover,
in the range of 10 - 26 kHz, the resistive part of Zin (C) is seen to remain relatively
constant. Contrary to Zin (A) and Zin (C), Zin (B) remains almost constant with Pout
and VMPPT as can be seen in Figure 5.5. Therefore, with regard to Inverter B, only
the variation of Zin (B) with frequency is considered for modelling purposes. Based
on this analysis, Table 5.4 can be developed depicting the factors governing Zin of
each inverter at their non-HF emission frequencies.
Zin VMPPT Pout Frequency
Zin(A) 7 3 3
Zin(B) 7 7 3
Zin(C) 7 3 3
Table 5.4: Relationship between the influencing factors considered, and Zin of each
PV inverter
However, Zin calculated using this method could be subjected to errors at the
HF emission frequencies of a PV inverter due to the influence of the HF emissions
originating from the inverter itself. Therefore, an improved method to determine
Zin at HF emission frequencies is presented in Section 5.6.
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5.5.2 Experiment 2: Controlled laboratory experiments for measur-
ing HF emissions from PV inverters
This experiment is used to measure the HF emissions from PV inverters under dif-
ferent operating conditions (Pout, VMPPT and Zgrid). Figure 5.7 is a block diagram
representation of the experimental setup used in this work for measuring HF emis-
sions from the inverters. The PV inverter of interest is connected between the PV
emulator and the impedance network followed by a the programmable waveform
generator which in turn is connected to the grid. The programmable PV emulator
mimics the behaviour of a PV array and can be used to control Pout and VMPPT .
The waveform generator is operated in its regenerative mode and absorbs the power
generated by the PV inverter and feeds it back to the grid while maintaining a
steady voltage reference to the PV inverter. Thus, the PV inverter is electrically
decoupled from the main AC grid, and a clean 230 V/50 Hz voltage waveform is
supplied to the PV inverter thus eliminating any impact on it from varying LV grid
conditions.
Figure 5.7: Experimental setup used for acquisition of HF emission data
At the power frequency (50 Hz), the internal impedance of the waveform genera-
tor varies automatically in order to absorb the power generated by the PV inverter.
However, it was observed that the HF impedance of the waveform generator re-
mains approximately constant at the HF emission frequencies of all three inverters.
Therefore, by changing the impedance of the passive impedance network, the HF
impedance seen by the PV inverter can be varied without changing the impedance
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seen by the PV inverter at the power frequency.
The operation of the PV emulator and the waveform generator was controlled
using the computer. Voltage and current measurements were made at the input and
the output of the PV inverter using the measuring equipment as the inverter was
operated under a range of different operating conditions. HF measurements and
analysis were undertaken as explained in Section 3.3.
Revisiting some of the basics behind frequency aggregation, HF emissions from
single-phase inverters contain several emission bands. The first emission band alone
can be considered sufficient for HF emission studies, as it accounts for more than
90% of the total HF emissions of a single-phase PV inverter [48]. Figure 5.8 shows
the first HF emission band of Inverter B of which fc is 16 kHz.
Figure 5.8: The first HF emission band of Inverter B
Most power electronic equipment lead to either broadband or narrowband HF
emissions and some of these vary in their frequency within a timescale of milliseconds
[2, 33, 34]. Further, as switching frequencies of power electronic devices are not
necessarily synchronised with the fundamental grid frequency, HF emissions can
occur anywhere from 2 kHz to 150 kHz. As such, frequency aggregation of HF
emissions into pre-defined frequency bands based on the philosophy implemented in
IEC 61000-4-7 and IEC 61000-4-30 is commonly used in HF studies [10,11,48]. This
approach significantly reduces the modelling efforts and the complexity of the final
model.
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Therefore, all frequency components contained in the first emission band of the
considered PV inverter were aggregated to establish a single magnitude at fc as
given in (5.1) where X can be either voltage (aggregated HF voltage: Vhf ) or current
(aggregated HF current: Ihf ). A 5 Hz margin is kept at the lower frequency limit,
to centre the frequency band at fc. A frequency band of 0.8 kHz was chosen for
aggregation as recommended in [48] for studying HF emissions from PV inverters.
As HF emissions from small-scale (< 5 kW), grid-tied, single-phase PV inverters
usually take place at a frequency greater than 15 kHz [60], the aggregation range of





Further, it was observed that the phase angles of current components with re-
spect to corresponding voltage components within the first emission band of the PV
inverters are nearly the same. As these frequency components are in the range of
several kHz, the difference of 100 Hz (as explained in Section 3.3.3, the HF emission
components from these PV inverters are separated from each other by 100 Hz) does
not make a significant impact on the individual phase angles. For instance, Table
5.5 shows the phase angles of the output current components of Inverter A (θIhf1,
θIhf2, θIhf3 and θIhf4) with respect to their corresponding voltages at four different
HF emission frequencies under different operating conditions. Therefore, it was de-
cided to assign a single phase angle (θIhf ) to the aggregated HF current (Ihf ) with
respect to the aggregated HF voltage (Vhf ). This was done by averaging the phase
angles of the currents at individual frequencies where the highest HF emissions were
observed within the first HF emission band. Accordingly, a data base consisting
of Vhf , Ihf and θIhf under different operating conditions (different combinations of















1 31 111 -3.4° -3.7° -3.3° -3.9° -3.6°
2 16 121 -5.4° -5.4° -5.2° -5.3° -5.3°
3 14 132 -70.9° -70.9° -70.9° -70.9° -70.9°
4 34 132 35.9° 35.7° 35.9° 35.4° 35.7°
5 30 93 49.3° 49.8° 49.6° 49.2° 49.5°
Table 5.5: Phase angles of HF current components of Inverter A with respect to
corresponding voltage components
5.6 Determination of Model Parameters at fc
Determination of Zin at non-HF emission frequencies was described in Section 5.5.1.
However, the challenge lies in determination of Vs and Zin (or Is and Yin) of a PV
inverter at its fc. For this purpose, the data base of Vhf , Ihf and θIhf1 that was
described in Section 5.5.2 was used.
In relation to further analysis, it is vital to establish the interpretations given to
the following terms that are used extensively in this section.
• Operating condition: any combination of Pout and VMPPT that fall under
the operating region of the considered PV inverter
• Reference operating condition: operating condition when the PV inverter
of interest is operating at its reference Pout and VMPPT conditions outlined in
Section 5.4
• Data point: Vhf , Ihf , and θIhf values measured in Section 5.5.2 correspond-
ing to a particular operating condition and a given Zgrid
5.6.1 Preliminary analysis
The first step of parameter determination is graphing Vhf vs Ihf captured under
different Zgrid conditions (consisting inductive, resistive and capacitive loads), at
the reference operating condition of the selected PV inverter using the data base
developed in Section 5.5.2. The graphs established for the three PV inverters are
shown in Figure 5.9. These graphs help decide the easiest way to model a given
PV inverter: whether it should be modelled as a Thevenin equivalent circuit or a
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Figure 5.9: Characteristic curves at reference operating conditions under varying
Zgrid values
Norton equivalent circuit.
As can be seen from Figure 5.9(a), for Inverter A, as Ihf (A) reaches zero, Vhf (A)
converges to V ′hf (A). If the inverter was modelled as a Thevenin equivalent circuit
at fc (A) under the considered operating condition, V
′
hf (A) is the magnitude of the
Thevenin voltage source (Vs (A)). However, it is difficult to find the magnitude of
the Norton equivalent current source (Is (A)) pertaining to this inverter, by simply
observing the graph as the magnitude of Ihf (A) is not easily recognisable as Vhf (A)
converges to zero. Therefore, it was decided to model Inverter A as a Thevenin
equivalent circuit at fc (A).
Accordingly, Inverter B also was modelled as a Thevenin equivalent circuit. How-
ever, for Inverter C, it was relatively convenient to decide Is (C) than Vs (C), as the
magnitude of Ihf (C) when Vhf (C) reaches zero was easily identifiable in the graph.
As a result, Inverter C was modelled as a Norton equivalent circuit. In general,
while developing HF models of PV inverters, the developer has the complete free-
dom to choose either Thevenin equivalent or Norton equivalent, whichever is more
convenient.
An important aspect that needs emphasis is that the data points shown in the
104
graphs presented in Figure 5.9 illustrate Vhf and Ihf relationship of the PV inverters
at their reference operating conditions when connected to different Zgrid values. The
pattern created by these data points in the graphs is a result of the variation of
both magnitude and angle (power factor) of Zgrid. The pattern is smooth when the
variation of Zgrid is smooth (data points marked in red in Figure 5.9(a)) and shows
no particular pattern otherwise (eg. data points marked in yellow in Figure 5.9(a)).
Therefore, some of the data points may not even seem to converge to V ′hf (A). It
is important to note that although data points converging towards V ′hf or I
′
hf are
useful in the aforementioned analysis, all data points play an important role in the
subsequent modelling steps.
Described above is how to identify V ′hf or I
′
hf under the reference operating
conditions. Likewise, V ′hf or I
′
hf related to different operating conditions of all three
inverters can be found. However, V ′hf and I
′
hf depend significantly on the accuracy
of measurements made at either very small HF currents or very small HF voltages.
Therefore, V ′hf and I
′
hf magnitudes extracted from the graphs were regarded only as
an initial estimates of Vs or Is that are useful as a starting point for the subsequent
modelling steps.
5.6.2 Modelling the exact HF source behaviour at fc
As described in the previous section, a fundamental understanding on the HF source
behaviour of a PV inverter at fc can be developed by observing Vhf versus Ihf graphs
developed under different operating conditions. However, in order to model the HF
source behaviour more accurately, further studies are required. Following is an
explanation on how this is done, using Inverter B as an example, as it exhibits the
simplest HF behaviour of all three PV inverters.
Considering the Thevenin equivalent circuit model of Inverter B shown in Fig-
ure 5.10 at fc (B) (as Ihf (B) and Vhf (B) are defined at fc (B));
Vs (B) = Zin (B) × Ihf (B) + Vhf (B) (5.2)
105
Figure 5.10: Thevenin equivalent circuit used to model the HF source behaviour of
Inverter B
At this stage, Vs (B) and Zin (B) are unknown (except for the initial estimate of
Vs (B) described in Section 5.6.1 that will be used later in this section). However, data
points (Vhf (B), Ihf (B), and θIhf (B)) pertaining to different Zgrid values under a wide
range of operating conditions are known from the data base developed in Section
5.5.2. They should satisfy (5.2) for the correct Vs (B) and Zin (B), for each operating
condition. For instance, each data point marked in Figure 5.9(b) should satisfy (5.2)
for the Vs (B) and Zin (B) values corresponding to the reference operating condition.
Similarly, at any given operating condition, there should be a corresponding Vs (B)
and Zin (B) that can satisfy all the data points pertaining to that particular operating
condition.
As Vs (B) and Zin (B) are complex quantities, theoretically, four data points are
sufficient to establish Vs (B) and Zin (B) corresponding to a given operating condition.
However, for improved accuracy, all data points pertaining to the given operating
condition should be considered in determining these two complex quantities. For in-
stance, in order to determine Vs (B) and Zin (B) at the reference operating condition,
all data points marked in Figure 5.9(b) should be used. This necessitates the use
of non-linear, complex, multivariate optimisation (Vs (B) vs Zin (B) relationship is
non-linear, Vs (B) and Zin (B) are complex variables, and four variables are involved)
to determine the complex vectors: Vs (B) and Zin (B) such that each data point sat-
isfies (5.2) with a minimum “Total Error” as defined in (5.3). Here, n stands for the







∣∣∣∣Vs (B)∣∣− ∣∣Zin (B))× Ihf,k (B) + Vhf,k (B)∣∣∣∣ (5.3)
Once Vs (B) and Zin (B) corresponding to a given operating condition are deter-
mined, the model for inverter B at that operating condition is complete. Thereafter,
Vs (B) is assumed as the reference vector with zero phase angle. This assumption
is used to minimize the complexity of the aforementioned optimisation task into
an optimisation problem involving only three variables: the magnitude of Vs (B)
(Vs,mag (B)), the real part of Zin (B) (R(B)) and the imaginary part of Zin (B) (X(B)).
Moreover, V ′hf (B) gives valuable insights into the range of (Vs,mag (B)) that should
be considered in the optimisation process.
Furthermore, Vhf (B) vs Ihf (B) curves under inductive, resistive and capacitive
Zgrid conditions provide useful information on Zin (B) at fc (B). For instance, as can
be seen from Figure 5.9(b), Vhf (B) decreases as Ihf (B) increases when Inverter B is
connected to capacitive loads (according to voltage divider principle when Zin (B)
and Zgrid are of the same type) and Vhf (B) increases with Ihf (B) for inductive loads
(resonance). This is a clear indication that Zin (B) is capacitive at its fc (B), and
this feature helps minimize the range of X(B) values that should be considered for
optimisation. Further, an approximate value of Zin (B) at fc (B) can be deduced
by interpolating Zin (B) values established for non-HF emission frequencies given
in Section 5.5.1 at fc (B). Once such information is incorporated, the optimization
problem becomes less complicated and can be solved by means of a brute force
algorithm with sufficient accuracy using a MATLAB script. The optimisation result
provides Vs,mag (B) and Zin (B) that best describes the HF behaviour of Inverter B
under a given operating condition.
The next step is repeating the same process described above for a selected set of
discrete operating conditions well scattered throughout the full operating region of
the inverter. Table 5.6 shows Vs,mag (B), R(B) and X(B) values obtained for different
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operating conditions of Inverter B.
Table 5.6: Optimisation results pertaining to Inverter B
Operating Condition Optimisation Results
VMPPT Pout Vs,mag (B) R(B) X(B)
200 0.5 465 0.48 -0.54
200 1.0 464 0.49 -0.51
200 1.5 469 0.49 -0.53
200 2.0 468 0.49 -0.51
200 2.5 475 0.49 -0.53
300 0.5 460.5 0.48 -0.53
300 1.5 464.5 0.49 -0.53
300 2.0 467 0.49 -0.53
400 0.5 461 0.47 -0.54
400 1.0 464.5 0.49 -0.51
400 2.0 468.5 0.49 -0.51
400 2.5 470.5 0.49 -0.53
450 0.5 460.5 0.48 -0.54
450 1.5 464.5 0.49 -0.53
450 2.5 469.5 0.49 -0.53
475 1.0 464 0.49 -0.5
475 2.0 468 0.49 -0.5
475 2.5 473.5 0.49 -0.54
500 0.5 472.5 0.44 -0.54
500 1.5 471 0.47 -0.52
500 2.5 520 0.43 -0.57
525 1.0 515 0.35 -0.63
525 1.5 520 0.46 -0.64
525 2.0 519.5 0.39 -0.63
550 0.5 511.5 0.47 -0.58
550 1.0 511.5 0.41 -0.55
550 1.5 516.5 0.4 -0.58
550 2.0 517.5 0.42 -0.49
550 2.5 556.5 0.47 -0.57
570 0.5 546.5 0.47 -0.54
570 1.0 549 0.48 -0.44
570 1.5 547 0.49 -0.51
570 2.0 547.5 0.48 -0.53
570 2.5 592 0.46 -0.56
Once model parameters (Vs,mag (B), R(B) and X(B)) are determined for a wide
range of operating conditions, the next phase is the determination of the correlation
between the influencing factors (Pout and VMPPT ) and the model parameters in the
form described in (5.4):
Model Parameter(B) = f(Pout (B), VMPPT (B)) (5.4)
This can be done using software that supports curve/surface fitting such as MAT-
LAB. Once this is completed, the HF source behaviour of Inverter B is complete. For
Inverter A, the procedure is the same as it was also modelled as a Thevenin equiv-
alent circuit. However, for Inverter C, as it was modelled as a Norton equivalent
circuit, (5.2) and (5.3) should be modified as (5.5) and (5.6), respectively:
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∣∣∣∣Is (C)∣∣− ∣∣Yin (C))× Vhf,k (C) + Ihf,k (C)∣∣∣∣ (5.6)
5.7 The Completed HF Models of the Selected PV Inverters
As described in Section 5.6.1, Inverters A and B were modelled in the form of
Thevenin equivalent circuits whilst Inverter C was modelled as a Norton equivalent
circuit. Sections 5.7.1-5.7.3 provide a brief but a complete description of the HF
models developed for the PV inverters.
5.7.1 HF model of Inverter A
Figure 5.11: Proposed HF model of Inverter A
Vs (A) =

(22.6P 2out − 11.82Pout + 116) mV ; at f = fc (A) = 20 kHz




(0.24 + 1.69e2.79Pout−9.38) Ω; atf = fc (A) = 20 kHz







) Ω; at f = fc (A) = 20 kHz
X from Figure 5.12(d); when f 6= 20 kHz and 1 kHz ≤ f ≤ 30 kHz
(5.9)



























(a) Vs (A) vs Pout at 20 kHz





















(b) R(A) vs Pout at 20 kHz























(c) X(A) vs Pout at 20 kHz

















R at 0.5 kW
R at 0.8 kW
R at 1.0 kW
R at 1.6 kW
R at 2.0 kW
R at 2.3 kW
R at 2.6 kW
X at 0.5 kW
X at 0.8 kW
X at 1.0 kW
X at 1.6 kW
X at 2.0 kW
X at 2.3 kW
X at 2.6 kW
(d) Zin (A) vs Frequency
Figure 5.12: HF model parameters of Inverter A
As shown in Figure 5.11, the HF behaviour of Inverter A is modelled as a
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Thevenin equivalent circuit at 20 kHz (fc (A)). At other high frequencies ranging
from 1-30 kHz, the voltage source becomes a short circuit and the inverter behaves
as a HF sink as given in (5.7). The model parameters vary with Pout and frequency,
but show no appreciable correlation with VMPPT . The relationship between Zin (A)
and Pout is modelled in the form of an equation only at 20 kHz ((5.8) and (5.9)). The
variations of Vs (A), R(A) and X(A) at 20 kHz are shown in Figures 5.12(a), 5.12(b)
and 5.12(c), respectively. At other frequencies the results from the frequency sweep
(Zin (A) vs frequency at different Pout values shown in Figure 5.12(d)) is used to
obtain an approximate value for the internal impedance, as modelling Zin (A) at all
frequencies complicates the model unnecessarily.
5.7.2 HF model of Inverter B
As shown in Figure 5.13, Inverter B is modelled as a Thevenin equivalent circuit
at 16 kHz (fc (B)), and at other frequencies, the model reduces to Zin (B). The
behaviour of the model parameters is depicted in Figure 5.14, where Vs (B) varies
with both Pout and VMPPT . This relationship is mathematically presented in (5.10)
of which the coefficients are given in Table 5.7. In contrast, Zin (B) remains constant
under different Pout and VMPPT levels and varies only with the frequency as shown
in Figure 5.14(b). Accordingly, R(B) and X(B) at 16 kHz are 0.49 Ω and −0.53 Ω,
respectively.
Figure 5.13: Proposed HF model of Inverter B
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(a) Vs (B) vs Pout and VMPPT at 16 kHz
(b) Zin (B) vs Frequency
Figure 5.14: HF model parameters of Inverter B
Vs (B) =





















MPPT ) mV ; at f = fc (B) = 16 kHz
Short circuit; whenf 6= 16 kHz and 1 kHz ≤ f ≤ 30 kHz
(5.10)
B00 = 534 B20 = 45.59 B21 = −0.299 B22 = 0.0004462
B10 = −96.01 B11 = 0.6107 B12 = −0.0007454 B13 = −2.727× 10−7
B01 = −0.9226 B02 = 0.005196 B03 = −1.412× 10−5 B04 = 1.401× 10−8
Table 5.7: Coefficients of (5.10)
5.7.3 HF model of Inverter C
Inverter C is modelled as a Norton equivalent circuit at 25 kHz (fc (C)) as shown
in Figure 5.15, and Is (C) becomes open circuit at other frequencies. The varia-
tion of Is (C) is given in (5.11) where the coefficients are presented in Table 5.8.
The variation of R(C) and X(C) with Pout and VMPPT is given in (5.12) and (5.13)
respectively.
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Figure 5.15: Proposed HF model of Inverter C
Is (C) =














































MPPT ) mV ; at f = fc (B) = 25 kHz
Open circuit; whenf 6= 25 kHz and 1 kHz ≤ f ≤ 30 kHz
(5.11)
C00 = −68.08 C02 = −0.01067 C40 = −6.592 C50 = 0.6386
C10 = −578.1 C30 = 35.81 C31 = −0.09675 C32 = 9.087× 10−5
C01 = 2.289 C21 = 0.4565 C22 = −0.0008683 C23 = 7.364× 10−7
C20 = −79.8 C03 = 2.105× 10−5 C13 = 7.008× 10−5 C14 = −4.749× 10−8
C11 = 7.89 C12 = −0.03661 C04 = −1.394× 10−8 C41 = 0.005394
Table 5.8: Coefficients of (5.11)
R(C) =

0.4 Ω; at f = fc (A) = 25 kHz
R from Figure 5.16(c); whenf 6= 25 kHz and 1 kHz ≤ f ≤ 30 kHz
(5.12)
113
(a) Is (C) vs Pout and VMPPT at 25 kHz (b) X(C) vs Pout and VMPPT at 25 kHz

















R at 0.5 kW
R at 1.0 kW
R at 1.5 kW
R at 2.0 kW
R at 3.0 kW
R at 3.6 kW
X at 0.5 kW
X at 1.0 kW
X at 1.5 kW
X at 2.0 kW
X at 3.0 kW
X at 3.6 kW
(c) Zin (C) vs Frequency
Figure 5.16: HF model parameters of Inverter C
X(C) =

(12.8− 0.6922Pout + 2.534× 10−3VMPPT
−0.1433P 2out − 7.703× 10−4PoutVMPPT ) Ω; at f = fc (A) = 25 kHz
X from Figure 5.16(c); whenf 6= 25 kHz and 1 kHz ≤ f ≤ 30 kHz
(5.13)
The variations of model parameters pertaining to Inverter C are illustrated in
Figure 5.16. As depicted in Figure 5.16(a), Is (C) exhibits a strong correlation with
Pout and VMPPT . At 25 kHz, R(C) remains more or less constant at 0.4 Ω whereas
X(C) varies with both Pout and VMPPT as shown in Figure 5.16(b). However, the
correlation between X(C) and VMPPT is weak compared to its correlation with Pout.
At other frequencies both R(C) and X(C) vary with Pout and VMPPT . However, their
variation with VMPPT was considered negligible compared to the strong correlation
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with Pout as can be seen in Figure 5.6 in Section 5.5.1. Therefore, at non-HF emis-
sion frequencies, only the variation of Zin (C) with Pout is considered for modelling
purposes as can be seen in Figure 5.16(c).
Except for Inverter B, Zin of the Inverters A and C show a variation with the
operating condition of the inverter (Pout and VMPPT ). This variation is seen in Zin
calculated based on the frequency sweep measurements at non-HF emission frequen-
cies in Section 5.5.1 and Zin obtained from optimisation at HF emission frequencies
as described in Section 5.6.2. While a certain level of dependency between the in-
ternal impedance of a PV inverter and its operating condition can exist at low order
harmonic frequencies as can be seen in the inverter models presented in [106], the
exact reasons behind the dependency of Zin (A) and Zin (C) with the operating condi-
tion of the corresponding PV inverter are not known yet. The circuit level behaviour
of the PV inverters at these high frequencies can play a significant role affecting this
dependency. As the models developed are of the black box type, providing a com-
plete physical explanation of the behaviour of different model parameters with Pout
and VMPPT is not plausible at this stage leaving room for further research.
5.8 Error Analysis and Model Validation
In order to validate the proposed HF models of the inverters, the error associated
with the completed HF models should be bound within acceptable limits over their
full operating regions. Therefore, each PV inverter was operated under a set of
operating conditions well spread out through its full operating region that is com-
pletely different from the set of operating conditions used for model development.
Consequently, the difference between Vhf or Ihf predicted by the proposed HF model
of the PV inverter and its measured value was calculated as the error according to
(5.14). Accordingly, the probability distribution functions (PDFs) of the percentage
errors of Vhf and Ihf of each inverter was calculated. For example, PDFs of the
percentage errors of Vhf and Ihf pertaining to Inverter A are shown in Figure 5.17.
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 Error






The predicted value of
Vhf or Ihf using
the completed HF model
 (5.14)
Table 5.9 depicts the mean and the 95% confidence intervals of the errors of
Ihf and Vhf of all three inverters. The error distributions were developed based on
435, 260 and 180 different operating conditions related to Inverters A, B and C,
respectively. Based on the error analysis, it is evident that the errors are bound well
within 10%. As an initial attempt to capture the HF behaviour of PV inverters, the
accuracy of the proposed HF models can be considered satisfactory.











 Error of I
hf
 Error of V
hf
Figure 5.17: Error analysis of Vhf and Ihf of Inverter A
Inverter Entity Mean Error 95% Confidence Interval
A
Ihf 1.4% -2.2% - +5.0 %
Vhf 1.2% -2.9 % - +5.3 %
B
Ihf -0.2% -4.6 % - +4.2 %
Vhf -0.1% -4.3% - +4.2 %
C
Ihf -0.3% -6.5% - +6.0 %
Vhf -0.2% -6.5 % - +6.0 %
Table 5.9: Results of the error analysis
5.9 Discussion
The proposed HF models of three small-scale, grid-tied, single-phase PV inverters
can be considered satisfactory as one of the first attempts in black box modelling of
PV inverters for HF emission studies. However, there is room for further improve-
ment. The models were developed assuming a standard 230 V/50 Hz supply. It was
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shown in Section 5.4 that fgrid and VTHD within the allowed limits do not have a
considerable impact (>10%) over the HF behaviour of any of the three inverters.
Moreover, the impact of Vgrid within the standard limits on the HF emissions from
PV Inverters A and B (HF inverters) is negligible. Nonetheless, Inverter C (TL
inverter) is affected by Vgrid variations. Therefore, the versatility of the HF model
of Inverter C can be further improved by incorporating Vgrid as an influencing factor
together with Pout and VMPPT .
In HF studies, fc should be used in evaluating grid impedance since HF mod-
els are defined at fc. The error associated with using a single frequency (fc) in
impedance calculations is negligible as demonstrated in Appendix B.
According to [60], 1 - 50 Ω variation of HF impedance has been observed in public
low voltage networks during a study conducted in Europe (Sweden and Germany)
whereas the magnitudes above 30 Ω were rare. The HF models of the PV inverters
presented in this chapter were developed considering Zgrid in a range of 0.7− 35 Ω.
Therefore, these models can be reliably used to predict the HF emission behaviour
of the selected PV inverters under a wide range of Zgrid conditions.
In model development, there is usually a compromise between the accuracy of
the model and the complexity of the modelling approach. Therefore, if it is required
to establish only a rough estimate of the HF behaviour of a particular PV inverter,




hf and Zin at fc can be approximated by
interpolating the frequency sweep results at fc. Once this is repeated for a number of
operating conditions sufficient to model the PV inverter with the required accuracy,
the model can be completed using curve/surface fitting. This approach substantially
reduces the amount of data required and omits the optimisation step compromising
the accuracy of the developed HF model.
The outputs of the proposed HF models prove the impact of inverter topology
on HF emissions from small-scale, grid-tied, single-phase PV inverters presented in
Section 4.4. There is no correlation between the HF emissions from Inverter A (HF
inverter) and VMPPT while HF emissions from Inverter B (HF inverter) exhibit a
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very weak correlation with VMPPT compared to its strong relationship with Pout.
On the other hand, the HF emissions from Inverter C (TL inverter ) are strongly
correlated with VMPPT due to the operation of its DC −DC converter.
The modelling process presented in this chapter is generic and can be used as
a guideline to model any commercially available small-scale (< 5 kW), grid-tied,
single-phase PV inverter without prior knowledge on the internal circuitry or the
PWM scheme used in the inverter. The required inputs to the HF models are simply
the power output of the PV inverter and the MPPT voltage. The vast majority of
modern PV inverters provide these details and if not, they can be easily measured.
Once the HF model is developed, the HF behaviour of the modelled PV inverter can
be easily predicted that will otherwise require HF measurements involving special
measuring equipment.
Another major advantage of these models is that they can be easily simulated
using software packages such as PSCAD/EMTDC or MATLAB. This is a significant
step towards grid HF simulations as complete HF models of PV inverters were not
previously available for this frequency range. The ability to simulate the HF be-
haviours of grid-connected equipment would be beneficial in many aspects compared
to laboratory experiments and field measurements.
5.10 Chapter Summary
A generic process to develop HF models of small-scale (< 5 kW), grid-tied, single-
phase PV inverters was presented in this chapter. This HF model development pro-
cess comprises controlled experiments, data processing, optimisation and curve/surface
fitting. Accordingly, the first black box models of PV inverters for HF frequencies
were developed using three PV inverters that are commonly used in domestic and
commercial installations, assuming standard network conditions. Moreover, it was
statistically proven that these models can capture the HF performance of the se-
lected PV inverters with less than 6.5% error with 95% confidence.
Chapter 6
Application Studies Using the
Developed HF Models of PV
Inverters
6.1 Introduction
This chapter presents the use of HF models of PV inverters presented in Chapter 5
in analytical HF studies. Starting from a simple study, increasingly complex studies
are presented. Further, the results of the analytical studies are compared against
experimental results obtained from two model houses developed inside a laboratory
encompassing the key aspects of typical domestic installations. The analyses provide
important insights into the behaviour of HF distortions in domestic environments
and their propagation to electricity distribution network.
6.2 Conceptualisation of HF Studies
Conducting a theoretical HF study to analyse real world situations is difficult, mainly
due to the lack of suitable HF models. Incorporating background HF levels, vari-
ability of grid impedance and the variations of HF sourcing/sinking behaviours of
connected equipment are further challenges. The lack of a standard method to
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measure and analyse HF distortions and the absence of a universally accepted ag-
gregation method for HF sources in this frequency range complicate the studies
further. Possibly, arising as a result, current literature lacks analytical/simulation
studies pertaining to HF distortions in real world environments.
6.2.1 Different types of HF studies
The methods of analysis presented in this chapter are based on a circuit theory
approach. Consequently, a given circuit/network is analysed at one particular fre-
quency at a time. Therefore, in order to analyse the behaviour of HF emissions
from a particular PV inverter, the circuit/network should be analysed at the centre
frequency of the considered emission band (fc) of the PV inverter under study.
As explained in Chapter 5, HF emissions from PV inverters take place as fre-
quency bands. In the proposed HF models, these emissions are lumped into a single
equivalent value at fc for simplicity and ease of modelling/analysis according to the
concept of frequency aggregation presented in IEC 61000-4-7. When using such
frequency aggregated models for HF studies, it is often helpful to categorise the
circuit/network under study into one of the following categories:
• Type 1: Only one HF source is present in the circuit/network.
• Type 2: More than one HF source is present in the circuit/network, but their
HF emission bands do not overlap with each other
• Type 3: More than one HF source with overlapping HF emission bands is
present in the circuit/network, however, there is no overlap between their
individual HF frequencies
• Type 4: More than one HF source with overlapping HF emission bands and
overlapping individual HF frequencies is present in the circuit/network
In relation to further explanations, it is vital to establish the interpretations
given to the following terms that are used extensively in the following sections.
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• Single source/multiple sinks scenario: If there is only one HF source
in the studied circuit/network that falls under the considered frequency band,
then this is considered as a single source/multiple sinks HF scenario. There
can be one or more sinks in the studied circuit.
• Multiple sources/multiple sinks scenario: If there is more than one
HF source that falls within the considered frequency band in the studied cir-
cuit/network, such a scenario is referred to as a multiple sources/multiple sinks
scenario. The number of sinks can vary from one to many.
Analysis of Type 1 and Type 2 circuits is relatively straightforward as these
fall under the single source/multiples sink scenario. Consequently, a Type 1 circuit
should be analysed at fc of the only HF source it has whereas a Type 2 circuit
should be analysed at fc of each of the HF sources separately.
Type 3 and Type 4 circuits fall under the multiple sources/multiple sinks sce-
nario. Due to the overlap of individual frequencies, phasor addition of the HF
components has to be considered in analysing Type 4 scenarios. However, Type 4
is rather a theoretical scenario as the majority of HF emissions are caused by self
commutating devices of which the switching frequencies are not synchronised with
each other. It has been observed that the HF emissions from equipment of the
same make and specifications also have slightly different switching frequencies due
to component tolerances, ageing and temperature drifts. Consequently, almost all
practical multiple sources/multiple sinks scenarios fall under Type 3.
6.2.2 Use of aggregated HF models to analyse Type 3 scenarios
As stated in Section 6.2.1, theoretical HF studies pertaining to Type 1 and Type 2
scenarios are straightforward and that of Type 4 scenarios are not generally found
in domestic installations. Therefore, theoretical analysis related to only Type 3
scenarios is presented in this section.
Under Type 3 scenarios, two or more HF emission bands can overlap with each
other without overlapping their individual HF emissions as shown in Figure 6.1.
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As explained in Section 6.2.1, almost all practical multiple sources/multiple sinks
scenarios fall under this category as the switching frequency of any two self commu-
tating devices would not be exactly the same. Therefore, when analysing this type
































































Figure 6.1: An illustration of HF emissions pertaining to a Type 3 scenario
A Type 3 scenario is illustrated in Figure 6.1 which involves two HF emission
bands. Therefore, the corresponding circuit/network should be analysed at the cen-
tre frequency of each emission band (say fc1 and fc2). This results in voltage/current
values at fc1 and fc2 referred to as Xhf1 and Xhf2, respectively. The resultant HF
current/voltage of the combined HF band corresponding to BWtotal (Xhf,total) can






















(6.3) can be generalised for n number of HF sources having overlapping HF









The bandwidth corresponding to Xhf,total (BWtotal) varies depending on the HF
emission bands involved. If HF sources have different frequency ranges, BWtotal
would be the smallest frequency band that can encompass all the HF bands associ-
ated with the HF sources, as illustrated in Figure 6.1.
According to Figure 6.1:
BWtotal ≈ (fc2 +
BW2
2








In establishing BWtotal for the general case of n HF sources, HF emission bands
should be selected such that the first emission band consists the lowest individual
HF emission frequency and the nth emission band consists the highest individual
HF emission frequency.
Hence, generalising (6.6) for n HF sources;




Three important aspects which should be noted are:
• Depending on the resolution of the FFT analysis, a practical scenario that falls
under Type 3 may appear like Type 4. Since the possibility of occurrence of a
Type 4 scenario is extremely limited, it is recommended to treat all multiple
sources/multiple sinks scenario as Type 3 scenarios.
• A special, yet rare case of Type 3 is where overlapping frequency bands have
the same fc. Here as well, the procedure outlined above can be used in the
analysis.
• When two waveforms having close frequencies are added together, a beating
effect that has a frequency equal to the difference of the two individual frequen-
cies can be observed. Consequently, the amplitude of the resultant waveform
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varies with time. Being a frequency domain analysis, this waveform effect is
not reflected in the above analysis.
• The aforementioned analysis method results in Root Sum Square (RSM) of
the frequency components of the HF sources being aggregated. This is in
agreement with the current discussions on setting equipment emission limits
in the range of 2 - 150 kHz, -3dB below (at 50%) the compatibility levels
published in IEC 61000-2-2 [9]. If two equipment having HF emissions in the
same frequency band were connected to the grid, the total emission level would
be multiplied by a factor of
√
2. However, since the emission limits are only
50% of the compatibility levels, grid compatibility levels will not be violated.
6.3 A Simple Study with Inverters B and C Connected in
Parallel
The prime objective of this section is to establish the theoretical concepts described
so far using a simple, yet a practical example involving Inverters B and C. According
to Table 6.1, both Inverters A and B have very similar characteristics/HF models.
Out of Inverter A and B, Inverter B has relatively higher HF emissions that help
reduce the measurement errors. Consequently, Inverters B and C were chosen for
the study as they have very different characteristics/HF models compared to each
other.
Table 6.1: A brief comparison of PV inverters modelled in Chapter 5
Description Inverter A Inverter B Inverter C
Topology HF Inverter HF Inverter TL Inverter
HF equivalence Thevenin cct Thevenin cct Norton cct
fc 20 kHz 16 kHz 25 kHz
Zin at fc Capacitive Capacitive Inductive
Maximum Pout 2.6 kW 2.5 kW 3.6 kW
In this study, Inverters B and C were connected in parallel to the waveform gen-
erator as shown in Figure 6.2 and were operated at 1.5 kW and 2.0 kW respectively
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while their MPPT voltages were maintained at 400 V. Inverter B has HF emissions
around 16 kHz whereas Inverter C has HF emissions around 25 kHz. There is no
overlap between the HF emission bands of these inverters. Therefore, the circuit
can be categorised as Type 2. The HF circuit diagrams pertaining to this study is
given in Figure 6.3.
Figure 6.2: Experimental setup used to study HF interaction between two PV in-
verters
Equipment Parameter 16 kHz 25 kHz
Inverter B
Vs 496.73 mV -
Zin 0.49 - j0.53 Ω 0.24 + j2.87 Ω
Inverter C
Is - 196.69 mA
Zin 0.5 + j4.52 Ω 0.4 + j11.08 Ω
Waveform generator Zin 0.53 - j0.71 Ω 0.32 - j0.09 Ω
Table 6.2: Model parameters of different equipment under the considered operating
conditions
Since the objective of this study is to demonstrate how to use the HF models
developed in Chapter 5 in a theoretical study, the circuit was kept simple - neither
grid impedance nor other HF sources were connected to the circuit. The model
I
s (C) Zin (C) Zin (WG) Zin (B)









(b) at 16 kHz
Figure 6.3: Circuit diagram related to the HF interaction between Inverters B and
C
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parameters pertaining to the PV inverters were determined based on the details
given in Sections 5.7.2 and 5.7.3 and the relevant parameters, including those of the
waveform generator are given in Table 6.2
The circuits shown in Figure 6.3 can be solved manually or using a software pack-
age. Given in Table 6.3 is a comparison between the results of a PSCAD/EMTDC
simulation of the circuits shown in Figure 6.3 and the measurements obtained in a
laboratory experiment.














Ihf at 16 kHz 57.1 mA 60.5 mA 5.95% 293.6 mA 303.6 mA 3.41% 258.8 mA 269.0 mA 3.94%
Ihf at 25 kHz 203.0 mA 197.2 mA 2.86% 208.4 mA 200.0 mA 4.03% 24 mA 20.8 mA 13.3%
Vhf at 16 kHz 272.1 mV 268.9 mV 1.18% 272.1 mV 268.9 mV 1.18% 272.1 mV 268.9 mV 1.18%
Vhf at 25 kHz 68.7 mV 66.75 mV 2.84% 68.7 mV 66.75 mV 2.84% 68.7 mV 66.75 mV 2.84%
Table 6.3: Comparison of experimental and simulation results on the behaviour of
two PV inverters connected in parallel
It can be seen that all errors are bound within 6% except for Ihf flowing through
Zin (B) at 25 kHz that has a larger percentage of error (ie 13.3%). This error is caused
by a 3 mA current difference simply because the base current used for calculation is
small (24 mA). This demonstrates that aggregated HF models can be successfully
used to predict HF emissions and interaction between different equipment.
6.4 Importance of Grid Impedance in HF Studies
Eventhough the impact of grid impedance was not considered in the simple HF
study presented in Section 6.3, grid impedance has a considerable impact over the
impedance seen by a grid-tied PV inverter and thereby its emissions. For instance,
following is a theoretical analysis of HF emissions from Inverters A, B and C mod-
elled in Chapter 5 under different grid impedance values at their HF emission fre-
quencies.
Figures 6.4, 6.5 and 6.6 depict the impact of grid impedance on the HF emissions
from the considered PV inverters. As can be seen in Figure 6.4 and 6.5, the PV
Inverters A and B tend to increase their HF emissions when the grid impedance
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Figure 6.4: Inverter A at Pout = 2.6 kW and VMPPT = 400 V operating under a
wide range of grid impedance values
Figure 6.5: Inverter B at Pout = 2.5 kW and VMPPT = 400 V operating under a
wide range of grid impedance values
is inductive. In contrast, HF emissions of PV Inverter C increases when the grid
impedance is capacitive as shown in Figure 6.6. The magnitude of Zgrid also shows
a profound impact on the HF emissions from all PV inverters. This scenario is
linked with the internal impedance (Zin) of the selected PV inverter at its emission
frequencies. If Zin of an inverter is inductive, then it tends to resonate with certain
capacitive loads which increase its HF emissions and the same behaviour can be
observed when certain inductive loads are connected to a PV inverter with capacitive
Zin. When Zin and Zgrid are of the same type (either inductive or capacitive), Ihf
and Vhf exhibit an inversely proportional relationship.
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Figure 6.6: Inverter C at Pout = 3.6 kW and VMPPT = 400 V operating under a
wide range of grid impedance values
According to a study conducted in Europe, the grid loop impedance (phase
to neutral impedance) in public low voltage networks at HF frequencies can vary
within 1 - 50 Ω whereas the magnitudes above 30 Ω are rare [60]. Since the grid HF
impedance can vary in a wide range, it is important to use a measured value of grid
impedance for a realistic grid representation in analytical HF studies.
Therefore, in order to incorporate grid impedance in HF studies, the grid impedance
should be measured at different HF frequencies. However, due to the unavailabil-
ity of a portable HF source that could be used to inject HF emissions directly to
the grid, it was not possible to measure grid HF impedance at the University of
Wollongong. Consequently, grid HF impedance measurements conducted by the
Technical University of Dresden, Germany at the connection point of a low-voltage
installation were used in the HF studies presented in the following sections. These
measurements are shown in Figure 6.7.
As can be seen, the three phases exhibit three different grid impedance be-
haviours at HF frequencies. As the studies presented in this chapter consider only
a single-phase installation, the grid impedance measurements of these three phases
can be considered as three different single phase measurements. Consequently, the
average of the three measurements was used as the reference grid impedance in the
HF studies that will be presented in this chapter.
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Figure 6.7: Grid impedance measured at the connection point of a low-voltage
installation in Germany
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6.5 Overview of HF Studies Pertaining to Domestic Instal-
lations
The simple study presented in Section 6.3 was limited only to two PV inverters
and the impact of grid impedance was neglected. However, even a simple domestic
electrical installation usually has several PE equipment. Further, the impact of
grid impedance cannot be simply disregarded in a practical situation. Therefore,
three analytical HF studies were conducted representing two domestic installations
(model house 1 described in Section 6.6 and model house 2 described in Section 6.7)
with PV inverters. Each of these model houses comprise a PV inverter and some
essential PE loads found in typical households. The grid impedance was emulated
using an impedance network. The following HF studies were conducted based on
these model houses each exploring a different HF scenario.
• Study 1 : Model house 1 with Inverter B (Type 1 HF scenario)
• Study 2 : Model house 2 with Inverter B (Type 2 HF scenario)
• Study 3 : Model house 2 with Inverter C (Type 3 HF scenario)
The HF studies presented in this chapter are among the first attempts in captur-
ing the HF behaviour within electrical installations encompassing analytical studies.
As a result, it was essential to compare the theoretical study results with actual
measurements. In this regard, the two model houses described above were built in
the laboratory for measurement purposes. The experimental setup used to build
the model houses in the laboratory is shown in Figure 6.8. The impact of grid
impedance was taken into account in these experiments by means of an impedance
network. The waveform generator was operated in its regenerative mode providing

















Figure 6.8: Experimental setup used for HF studies involving a model house
6.5.1 Development of simplified HF models of equipment used in HF
studies
In order to conduct theoretical HF analysis pertaining to Studies 1, 2 and 3, it was
essential to develop HF models of all equipment involved. However, except for the
PV inverters, the other equipment did not have already developed HF models. As
explained in Chapter 5, developing HF models of grid-connected equipment that are
valid for a wide range of operating conditions is both complex and time consuming.
Therefore, it was decided to develop crude HF models for the equipment which are
valid only at the exact operating conditions maintained during the studies. This
approach was deemed reasonable as the focus of the work presented in this chapter
is inclined towards demonstrating the use of already developed HF models of the
PV inverters in analytical HF studies rather than developing detailed HF models of
a number of equipment.
As the first step, each piece of equipment was connected to the waveform gen-
erator and operated under standard supply conditions with the equipment settings
(such as the temperature and fan speed of an air conditioner) adjusted as required.
Voltage and current measurements were taken at the equipment terminals and were
analysed to gain an understanding on the level of HF emissions from each piece of
equipment and their emission frequencies for modelling their HF source behaviours.
For instance, HF emissions from an inverter based air conditioner (AC2) is given in
Figure 6.9.
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Figure 6.9: HF emissions from an inverter based air conditioner during experiments
When developing simplified models of various equipment, the HF sourcing be-
haviour was neglected if their HF emissions were negligibly small compared to the HF
emissions from the PV inverters involved in the study. Consequently, the majority
of equipment were modelled as HF sinks under the considered operating conditions.
There was only one equipment (an inverter based air conditioner referred to in the
studies as AC2) that exhibited significant HF emissions. It was modelled as a cur-
rent source at the centre frequency of its first emission band under the considered
operating conditions based on measurements. At other frequencies, it was modelled
as a HF sink. This approach of modelling AC2 as a pure HF source without an in-
ternal impedance has the drawback of the model being invalid under grid impedance
values different to those used for modelling. Therefore, HF current emissions from
AC2 was measured under the same operating and grid impedance conditions it was
supposed to operate during Study 2 and Study 3; the experiments it was used for.
Followed by the determination of HF source behaviour, the next step was ob-
taining the internal impedance characteristics (HF sink behaviour) of each equip-
ment. For this, each equipment was connected to the linear power amplifier and
subjected to a frequency sweep of 0.5 V in the range of 1 - 30 kHz in steps of 100 Hz
superimposed on a 230 V/50 Hz supply (here, 0.5 V was selected to reach a compro-
mise between sufficient measurement accuracy and protection against possible over
currents). Subsequently, the impedance characteristics were determined using the
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voltage and current measurements taken at equipment terminals.
It was challenging to develop even simplified models for certain equipment as
their internal impedance varied during their normal operation without any notice-
able change in the external conditions. For instance, the internal impedance exhib-
ited by one of the televisions at four different frequencies is presented in Table 6.4.
While it is possible for the DC side variations of the television to cause this type
of behaviour during video streaming, the exact root cause is not yet known. In
order to incorporate such equipment in theoretical studies, their input impedance
was measured during the experiment itself using HF emissions emitted by other
equipment. This measured impedance was used as its sink model in the theoretical
studies. Two such equipment; an LCD television (TV1) and a desktop computer
(Comp) were encountered during the experiments.
Table 6.4: Variation of the internal impedance of the television during video stream-
ing
Frequency (kHz) Measurement 1 (Ω) Measurement 2 (Ω)
2 1.27 -j51.08 5.46 -j48.95
10 2.06 -j5.53 2.15 -j5.64
20 17.97 +j15.22 27.88 +j0.95
30 9.57 -j4.49 10.35 -j4.33
6.5.2 Adjusting the impedance network
In the laboratory experiments involving the model houses, the combined effect of
the waveform generator and the impedance network acted as the grid impedance.
However, it was not possible to control the impedance offered by the waveform
generator at HF frequencies. This necessitated adjustment of the impedance network
shown in Figure 6.8 to obtain the preferred grid impedance. However, this proved
to be a very challenging task.
A collection of resistors and inductors were used as the impedance network.
Therefore, it was not practically possible to adjust it to obtain the grid HF impedance
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throughout the full frequency range of 2 - 150 kHz. Consequently, the impedance
network was adjusted such that the combined HF impedance of the impedance net-
work and the waveform generator resembled the grid impedance at a given frequency.
When the model house was analysed at another HF frequency, the impedance net-
work required to be adjusted accordingly. It would have been convenient to adjust
the impedance network if the HF impedance of each resistor and inductor could
be measured at the desired frequency. However, this was not practically possible
because of the flowing reasons.
• The LCR meter that was available for measurements could only be operated
at discrete frequencies and those did not match with the fc of any of the HF
sources used for the studies
• Even the connecting wires introduced a considerable inductance at the consid-
ered frequencies, therefore, it was not simply possible to connect components
with known impedance to obtain the desired total impedance
Complicating the matters further, the waveform generator used for these experi-
ments exhibited a considerable variation of its internal impedance at HF frequencies
depending on the current at the fundamental frequency: it did not matter whether
the current was being absorbed or supplied. (This waveform generator is of the
same model but an upgraded version of the waveform generator used for experi-
ments presented in Chapter 4 which exhibited a fairly constant internal impedance
at HF frequencies under different power levels.)
As the impedance of the waveform generator at HF frequencies varied depending
on the current drawn or absorbed by it, it was necessary to adjust the impedance
of the impedance network when all the model house equipment were connected and
in operation. Adjusting the impedance network was a trial and error process and
turning on and off all the equipment each time the impedance was adjusted was
both laborious and time consuming. Therefore, in order to adjust the impedance of
the impedance network at the centre frequencies pertaining to the PV inverters, the
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following procedure was used to minimise the efforts.
First, the magnitude of current drawn or supplied by the waveform generator
was measured while all the equipment of the model house was connected and in
operation under the same settings they would be operated during the experiments.
This was performed using the circuit shown in Figure 6.8, but without the impedance
network.
Next, the circuit shown in Figure 6.10 was built, and the PV inverter was oper-
ated at a power level such that the current at the fundamental frequency absorbed
by the waveform generator was approximately equal to the current measured dur-
ing the previous step. Once this was done, the impedance network was adjusted
such that the combined impedance of the waveform generator and the impedance
network provided a value close to the grid impedance at fc of the PV inverter. The
HF emissions from the PV inverter were used to measure the combined impedance
of the waveform generator and the impedance network. This heuristic process was







Figure 6.10: Circuit used to adjust the impedance network
However, the aforementioned method of adjusting the impedance of the impedance
network at the centre frequencies of the HF sources was possible only for the equip-
ment that act as sources at the fundamental frequency. At the centre frequency of
the the air conditioner (AC2) that acted as a HF source at 25 kHz but as a load at
the fundamental frequency, the impedance network required to be adjusted with all
the equipment connected to the circuit and when they were all in operation.
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6.6 Study 1 - Model House 1 with Inverter B (A Type 1
scenario)
In this study, the HF behaviour of model house 1 was analysed theoretically based
on the methodology described in Section 6.2. The results of the theoretical analysis
were compared against the measurements of a laboratory experiment where the
same circuit was developed in a laboratory for verification purposes. As shown in
Figure 6.11, model house 1 consisted of PV Inverter B, an air-conditioner (AC1), a
television (TV1), 10 LED lamps (LED1), a washing machine (WM), a microwave
oven (MO1) and a refrigerator (Fridge1). Here, acronyms have been assigned to
each piece of equipment to distinguish them from each other (eg. there were two air
conditioners involved in the studies. Those were referred to as AC1 and AC2). The
PV inverter was operated at Pout = 2.5 kW and VMPPT = 570 V. The television
(TV1), washing machine (WM) and the microwave oven (MO1) were in standby
mode as these equipment remain simply plugged into the house reticulation system
for most of the time. The only HF source in this system is Inverter B (Type 1
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1
Figure 6.11: Experimental setup pertaining to Study 1
As explained in Chapter 5, Inverter B was modelled as a voltage source (Vs)
behind an impedance (Zin (B)). Therefore, first and foremost, the model parameters
of the HF model of Inverter B at Pout = 2.5 kW and VMPPT = 570 V were determined.
As described in Section 5.7.2, the internal impedance of Inverter B at 16 kHz is





























534− 96.01× 2.5− 0.9226× 570 + 45.59× 2.52 + 0.6107× 2.5× 570
+0.005196× 5702 − 0.299× 2.52 × 570− 0.0007454× 2.5× 5702
−1.412× 10−5 × 5703 + 0.0004462× 2.52 × 5702
−2.727× 10−7 × 2.5× 5703 + 1.401× 10−8 × 5704
(6.9)
Vs (B) = 584.6 mV (6.10)
At 16 kHz, other equipment were modelled as HF sinks. The value of their inter-
nal impedance at 16 kHz was determined according to Section 6.5.1. The HF circuit
of model house 1 with Inverter B at 16 kHz is shown in Figure 6.12. This circuit was
simulated in PSCAD/EMTDC software and a comparison of the theoretical results
and the measurements obtained from the experimental setup is given in Table 6.5.
Figure 6.12: Circuit related to the theoretical analysis of Study 1 at 16 kHz
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Vhf (mV) 488.5 514.6 5.1%
Ihf InvB (mA) 142.8 144.8 1.4%
Ihf Grid (mA) 130.5 138.1 5.5%
Ihf MO1 (mA) 5.2 5.5 4.7%
Ihf AC1 (mA) 12.2 13.8 11.9%
Ihf LED1 (mA) 39.1 38.5 -1.6%
Ihf TV 1 (mA) 57.7 53.5 -7.9%
Ihf WM (mA) 33.4 35.0 4.5%
Ihf Fridge1 (mA) 61.8 63.7 3.0%
As can be seen, the errors are bound within 12% whereas the highest error is
11.9%. However, the difference between the theoretical and experimental result
pertaining to the highest error is merely 1.6 mA and a large error percentage has
resulted due to the small current magnitudes involved. Therefore, as an initial
attempt, the theoretical HF study can be considered successful considering that only
simplified HF models were available for most of the equipment associated with the
study. Moreover, the study results serve as further evidence supporting the validity
of the sourcing behaviour of the HF model of Inverter B presented in Section 5.7.2
as the error percentage is only 1.4%.
6.7 Study 2 - Model House 2 with Inverter B (A Type 2
scenario)
In this case, a model house similar to what was presented in Study 1 was used but
with different household appliances (hence model house 2). A schematic represen-
tation of this system is given in Figure 6.13. The PV inverter was operated at Pout
= 2.5 kW and VMPPT = 570 V and MO2 was in its standby mode. The computer
was operated at its full processing power, while the television (TV2), refrigerator
(Fridge2) and air conditioner (AC2) were operated at specific settings that were
maintained unchanged throughout the experiment.
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There are two significant HF sources in this circuit, namely Inverter B with
HF emissions around 16 kHz and AC2 having emissions around 25 kHz. As there
is no overlap between the HF emission bands of these two equipment, this study
corresponds to a Type 2 scenario. Therefore, the experiment was conducted two
times with the impedance seen by the model house 2 adjusted to a value close to
the grid impedance at 16 kHz first and then to a value close to the grid impedance
at 25 kHz. Two theoretical studies were conducted, one at 16 kHz to investigate the
HF emissions from Inverter B and their behaviour in the model house 2. Similarly,












Figure 6.13: Experimental setup pertaining to Study 2
6.7.1 Case 1: Study at 16 kHz
At 16 kHz, the circuit represents a single source/multiple sinks scenario as the
only significant HF source is Inverter B. The inverter was operated under the same
operating conditions as in Study 1 (Pout = 2.5 kW and VMPPT = 570 V). Therefore,
the same model parameters used in Section 6.6 were used to represent Inverter B in
this theoretical study. The sink models related to other equipment at 16 kHz were
obtained as explained in Section 6.5.1. The circuit diagram related to the theoretical
study is given in Figure 6.14. Table 6.6 provides a comparison of theoretical and
experimental results of this study (Note that the results have been presented to one
decimal place only).
An important observation that can be made using these results is that the ma-
jority of the HF currents originating from Inverter B is absorbed by the connected
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Figure 6.14: Circuit pertaining to the theoretical analysis of Case 1 of Study 1







Vhf (mV) 377.8 385.6 2.0%
Ihf InvB (mA) 287.7 300.5 4.2%
Ihf Grid (mA) 99.9 101.1 1.2%
Ihf MO2 (mA) 285.3 290.3 1.7%
Ihf AC2 (mA) 64.1 64.7 1.0%
Ihf LED2 (mA) 28.4 27.2 -4.8%
Ihf TV 2 (mA) 81.0 79.5 -1.9%
Ihf Computer (mA) 19.1 18.7 -1.8%
Ihf Fridge2 (mA) 6.5 6.1 -7.0%
equipment. Here, MO2 that offers a very low internal impedances at 16 kHz plays
a major role. Depending on their internal impedance, other equipment also absorb
HF emissions. As a result, only a small portion of the HF currents generated by
Inverter B reaches the grid.
As can be seen, the errors are bound within ±10% whereas the highest absolute
error is 7.0%. However, this is largely due to the very small value of HF current
flowing into Fridge2. Consequently, the theoretical HF study can be considered
successful. Moreover, the study results serve as further evidence supporting of the
validity of the sourcing behaviour of the HF model of Inverter B presented in Sec-
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tion 5.7.2.
Unlike in Study 1, in this case HF current emissions from Inverter B has increased
significantly, but a decrease in the HF voltage emissions can be seen under the same
operating conditions. The underlying reason behind this behaviour is the difference
in the impedance seen by the inverter towards the grid side at its HF emission
frequencies. The total impedance provided by the equipment used for model house 2
is smaller compared to that of model house 1.
An important observation to note here is that the television (TV2), microwave
oven (MO2), fridge (Fridge2) and the air-conditioner (AC2) used in this study are
more sophisticated compared to those used in Study 1. As such, this could mean
that modern sophisticated PE equipment tend to sink more HF emissions compared
to their old counterparts.
6.7.2 Case 2: Study at 25 kHz
Case 2 of the HF study 2 deals with the same system as in Case 1, but at 25 kHz:
the centre frequency of the first emission band of AC2. The experimental setup is
mostly the same but the impedance network was changed such that the combined
HF impedance of the waveform generator and the impedance network now reflect
the grid HF impedance at 25 kHz.
Figure 6.15: Circuit pertaining to the theoretical analysis of Case 2 of Study 2
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The circuit pertaining to the theoretical analysis of this case is shown in Fig-
ure 6.15. In this case, Inverter B is modelled as a HF sink with an impedance of
0.24+ j2.87 Ω according to the input impedance characteristics given in Figure 5.16
in Chapter 5.
Due to the absence of a better HF model of AC2, only a simplified model (a
current source) was used to represent it at 25 kHz under the considered operating
conditions. The magnitude of this current source was found to be 855 mA based on
measurements. The HF sink models pertaining to all other devices were determined
as explained in Section 6.5.1. A comparison of the results of Case 2 of Study 2 is
given in Table 6.8.







Vhf (mV) 819.3 817.4 0.23%
Ihf InvB (mA) 283.7 264.6 -7.2%
Ihf Grid (mA) 176.4 177.9 0.8%
Ihf MO2 (mA) 544.3 508.1 6.7%
Ihf AC2 (mA) 855.0 855.0 0.0%
Ihf LED2 (mA) 105.3 110.0 4.3%
Ihf TV 2 (mA) 44.3 40.5 -9.5%
Ihf Computer (mA) 34.9 37.7 6.6%
Ihf Fridge1 (mA) 36.6 38.8 5.8%
According to these results, at 25 kHz, the majority of HF emissions from the AC2
is absorbed by the MO2. Further, Inverter B and LED2 also play important roles in
absorbing HF emissions. However, the HF emissions absorbed by TV2, Computer
and Fridge2 are small. Here also, only a portion of HF emissions propagate to the
grid.
As can be seen from Table 6.7, the errors are bound within 10%. Further, the
results act as a further evidence supporting the HF sinking behaviour of Inverter B
presented in Section 5.7.2.
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6.8 Study 3 - Model House 2 with Inverter C (A Type 3
scenario)
This study is similar to Study 2 except that Inverter B is replaced with Inverter C.
The schematic diagram pertaining to this study is given in Figure 6.16. Since both
Inverter C and the air conditioner (AC2) have HF emissions near 25 kHz (fc of
Inverter C is 25 kHz and that of AC2 is 24.815 kHz), their HF emission bands
overlap with each other. However, no overlap of the individual HF emissions from
the two equipment was observed. For instance, Figure 6.17 presents the HF voltages
measured at the terminal of Inverter C. Therefore, this system can be classified as











Figure 6.16: Experimental setup pertaining to Study 3


































Figure 6.17: HF voltages measured at the terminals of Inverter C
As described in Section 6.2.2, a Type 3 scenario should be analysed at the centre
frequency of the first emission band of each HF source separately. Following this,
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(a) HF circuit considering Inverter C as the sole HF source
at 25 kHz
(b) HF circuit considering AC1 as the sole HF source at
24.815 kHz
Figure 6.18: Circuits pertaining to the theoretical analysis of Study 3
the equivalent HF level of the combined frequency band can be calculated according
to (6.4). For this, the system should be analysed at 25 kHz considering Inverter C
as the sole HF source and at 24.815 kHz considering AC2 as the sole HF source.
At this stage, the model parameters representing Inverter C at 25 kHz have to
be determined. As Inverter C was operated at Pout = 3.6 kW and VMPPT = 490 V,
substituting these values in (5.11), (5.12) and (5.13) yields Vs = 668.2 mV and
Zin (C) = 0.4 + j8.78 Ω at 25 kHz. Due to the unavailability of a complete HF
model for AC2, it was modelled as a simple current source at 24.815 kHz under the
considered operating conditions based on measurements. The two circuits pertain-
ing to the theoretical analysis of Study 3 at 25 kHz and 24.815 kHz are given in
Figure 6.18.
After solving these two circuits separately, the theoretical results can be com-
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bined according to (6.4). Given in Table 6.8 is a comparison of the theoretical and
experimental results obtained for Study 3.














Vhf (mV) 547.6 662.8 859.7 823.8 -4.4%
Ihf InvC (mA) 676.3 75.9 680.5 647.5 -5.1%
Ihf Grid (mA) 117.9 142.7 185.1 178.5 -3.7%
Ihf MO2 (mA) 339.7 411.2 533.4 519.6 -2.6%
Ihf AC2 (mA) 456.3 510.0 684.3 677.8 -1.0%
Ihf LED2 (mA) 68.9 74.8 101.7 103.4 1.7%
Ihf TV 2 (mA) 11.9 21.6 24.7 26.6 7.3%
Ihf Comp. (mA) 23.7 26.6 35.6 34.9 -2.1%
Ihf Fridge2 (mA) 214.7 247.5 327.6 324.8 -0.9%
As can be seen, the theoretical results match well with the experimental re-
sults with the percentage errors being well below 10%. This serves as a validation
of the methodology presented in Section 6.2.2 on theoretical analysis of a system
having more than one HF source with overlapping HF emission bands but with no
overlap between their individual HF emissions. Further, it can be seen that AC2
absorbs a considerable portion of the HF currents generated by Inverter C whereas
MO2 absorbs quite a large portion of HF emissions from both Inverter C and AC2.
Consequently, the net HF emissions propagating towards the grid has reduced con-
siderably.
As explained earlier, when waveforms having different frequencies are added to-
gether, a beating effect with a frequency equal to the difference between the individ-
ual frequencies of the original waveforms is observed. This causes the amplitude of
the resultant waveform to vary with time. Therefore, when measuring the combined
voltage/current of different HF sources related to Type 3 scenarios, care should be
taken to capture the full resultant waveform to avoid the waveform being measured
only at its maximum amplitude or the minimum. Consequently, a measuring time




This chapter presented how to use the aggregated HF models of PV inverters de-
veloped in Chapter 5 in theoretical HF studies. Based on an in-depth analysis of
possible HF scenarios, circuits/networks associated with HF studies were categorised
into four types. Out of these four, theoretical analysis methods pertaining to three
types of scenarios that are commonly encountered in typical domestic installations
were discussed in detail. Utilising the proposed analytical methodologies, four HF
studies were conducted covering all three types of scenarios.
Many practical challenges were encountered during the studies, such as difficulty
in incorporating the grid impedance during experiments and the lack of complete HF
models of equipment other than those of PV inverters. All these were successfully
dealt with and the theoretical study results exhibited a satisfactory agreement with
the experimental results.
Based on the study results, it was evident that modern PE equipment tend to
absorb HF currents from the HF sources. Further, their small input impedance
at HF frequencies reduce the impedance seen by HF sources and promotes further
HF current emissions. These emissions mainly flow between the neighbouring PE
equipment rather than propagating towards the grid.
Chapter 7
Lifetime Degradation of Grid
Connected Equipment in the
Presence of HF Distortion
7.1 Introduction
Chapters 3 - 6 collectively covered HF measurement techniques, HF emission levels
of commonly used PE equipment, development of HF models of small PV inverters,
the use of HF models in theoretical studies and the behaviour of suprahramonics in
typical domestic installations. This chapter extends the research by investigating
the impact of HF emissions on the lifetime of grid connected equipment.
As demonstrated in Chapter 6, a dominant portion of HF emissions from PE
equipment in an installation tend to flow through the low impedance paths pro-
vided by the neighbouring equipment rather than flowing to the upstream of the
connected electricity distribution system. Therefore, the effects of HF emissions
from a particular piece of equipment is mostly experienced by the equipment con-
nected close to the HF source. Considering this, experiments were undertaken to
investigate the impact of HF distortions superimposed on the supply voltage on
the lifetime of grid connected equipment. As the test subjects, switch mode power
supplies (SMPSs) with a small power rating (< 75 W) have been selected as many
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power electronic equipment comprise SMPSs. Since the most common failure mode
of an SMPS is the failure of the electrolytic capacitor used as the DC link, which is
considered as the weakest component is the focus of the work [1, 68].
7.2 Background
HF distortions are known to cause undesirable repercussions such as failure or mal-
function and lifetime degradation of grid connected equipment, audio noise gen-
eration, interference with power line carrier (PLC) communication and resonance
conditions [107]. Whilst most of these consequences are noticeable to equipment
users, lifetime reduction of equipment is not always recognisable, as it occurs pro-
gressively throughout a long period of time. However, considering the sheer number
of equipment used, the economic impact of this phenomenon can be significant.
While lifetime reduction of grid connected equipment caused by low order har-
monics is a well-studied subject, lifetime degradation of grid connected equipment
due to grid HF voltages has not been fully explored yet. Nonetheless, whatever the
frequency is, the thermal stress that lead to the lifetime degradation of the equip-
ment is essentially caused by the increased currents passing through the components
residing within the equipment.
With regard to high frequencies, this issue is observed in equipment such as
SMPSs providing low impedance paths at high frequencies such as the electrolytic
capacitor in their DC links. Small SMPSs without power factor correction usually
consist a rectifier bridge before the DC link for converting AC voltage into DC
voltage. If there is a HF voltage superimposed on the mains supply, then passing
through the rectifier bridge, this HF voltage results in many frequency components
eventually giving rise to increased currents through the DC link capacitor. This
phenomenon is illustrated in Figure 7.1 using experimental results obtained with
a 22 µF capacitor in a simplified SMPS circuit (this SMPS circuit is shown in
Figure 7.3 in Section 7.4). In an SMPS, the electrolytic capacitor used as the DC link
is considered as the weakest link and the degradation of this component is considered
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a common cause of equipment failure [68]. Consequently, this chapter investigates
the impact of HF voltages present in LV electricity distribution networks (400 VLL)
on the lifetime degradation of grid connected equipment considering small SMPSs
as the test subjects. The analysis is based on the results of controlled laboratory
experiments.


























































































230 V/50 Hz + 10 V/2.5 kHz Supply
230 V/50 Hz + 10 V/2.5 kHz Supply230 V/50 Hz + 10 V/ 500 Hz Supply
230 V/50 Hz + 10 V/ 500 Hz Supply
230 V/50 Hz Supply
230 V/50 Hz Supply
Figure 7.1: Experimental results: Currents through the DC link capacitor of an
SMPS and their frequency components
7.3 Useful Lifetime of Electrolytic Capacitors
Aluminium electrolytic capacitors are a very popular choice in electrical and elec-
tronic appliances due to their low price and very high capacitance to volume ratio
compared to other types of capacitors. Shown in Figure 7.2 is a simplified equivalent
circuit of an electrolytic capacitor [68].
As currents flow through the resistive part of an electrolytic capacitor (ESR:
Equivalent Series Resistance), heat is dissipated in the capacitor core which in turn
leads to evaporation of the electrolyte through the capacitor seal over time. This
process gradually increases the ESR of the capacitor and reduces its effective ca-
pacitance. Once 40% of the initial electrolyte is evaporated, it is considered that
the capacitor has exhausted its useful life. As a rule of thumb, the end of capacitor
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Figure 7.2: Equivalent circuit of an electrolytic capacitor
lifetime is associated with an increase of ESR by a factor of two to three compared
to its initial value [107].
There are different methods to determine the useful lifetime of electrolytic ca-
pacitors. One of the most reliable and commonly used methods is monitoring the
increase of ESR over time. However, the time requirements of such an approach is
considerably high. As a solution, accelerated lifetime tests are performed where one
parameter that affects the lifetime of the capacitors is maintained at an extreme
value to accelerate lifetime degradation. For instance, the operating temperature of
capacitors can be raised to the maximum permissible value during an accelerated
lifetime test and the test results can be traced back to a lower temperature as re-
quired [108]. Usually, the time frames associated with such tests span over several
months.
Another method of determining the useful lifetime of electrolytic capacitors in-
volve surface temperature measurements. As explained above, the loss of life of
electrolytic capacitors results from core temperature rise. Since surface temperature
rise is an indication of the core temperature rise, lifetime calculations of electrolytic
capacitors can be undertaken based on the surface temperature rise as well. How-
ever, the manufacturer should provide necessary details for this calculation such as
α and β coefficients presented in Section 7.3.1.
Calculation of lifetime degradation of electrolytic capacitors can be accomplished
by measuring the equivalent ripple current flowing through the capacitor (the defini-
tion of ripple current is provided in Section 7.3.1). As the current that flows through
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the ESR of a capacitor causes the core temperature rise, there is a relationship be-
tween the core temperature rise and the equivalent ripple current. Once the core
temperature is known, the life expectancy of the considered electrolytic capacitor
can be calculated. Some of the capacitor manufacturers provide equations for cal-
culating the lifetime of their products using ripple currents, whilst others provide
charts relating life expectancy, ambient temperature and ripple current [109]. How-
ever, lifetime calculation details are not always provided by capacitor manufacturers
especially those at the lower cost end of the market.
7.3.1 Lifetime calculation details from a prominent capacitor manu-
facturer
The lifetime of an electrolytic capacitor can be predicted using Arrhenius’s Law,
according to which the life expectancy doubles with each 10oC drop in the ambient
temperature [109]. However, according to the technical guidelines of capacitor man-
ufacturers, the lifetime of an electrolytic capacitor depends not only on the ambient
temperature, but also on its core temperature rise. Consequently, different capac-
itor manufacturers have suggested different methods to determine the lifetime of
electrolytic capacitors such as lifetime nomograms and equations developed through
empirical procedures. One such method proposed by a leading capacitor manufac-
turer is explained below [109].
As described earlier, the current flowing through a capacitor dissipates heat. As
the ESR of an electrolytic capacitors is frequency dependent, the same current at
different frequencies gives rise to different levels of heat dissipation. Taking this
phenomenon into account, an entity called “ripple current” is defined as shown in
(7.3.1). This equation combines multiple currents at different frequencies into one
reference frequency, i.e. 100 Hz. This is a well-established equation and the values









Ii: RMS current at a certain frequency fi (A)
ki: Frequency coefficient at fi (supplied by the manufacturer)
Ii
ki
: RMS ripple current referred to 100 Hz (A)
Ir: Resultant RMS ripple current referred to 100 Hz (A)
For the ease of reference, Ir will henceforth be referred to as the “ripple current”.
Once Ir is calculated, the surface temperature rise and the core temperature rise





∆Tc = α.∆Ts (7.2)
∆Ts: Surface temperature rise (°C)
∆Tc: Core temperature rise (°C)
R: ESR of the capacitor at the reference frequency of (usually 100 Hz) (Ω)
S: Surface area of the capacitor (cm2)
α: Factor of temperature difference between the core and the surface (supplied by
the manufacturer)
β: Heat radiation factor (W/(°Ccm2)) (supplied by the manufacturer)
Subsequent to calculating the core temperature rise, the useful lifetime of elec-
trolytic capacitors can be determined using (7.3) [109].
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A = 10− 0.25∆Tc (7.4)
L: Estimated lifetime (hrs)
L0: Specified lifetime (hrs)
Tm: Maximum category temperature of the capacitor (°C) (Supplied by the manu-
facturer)
Ta: Ambient temperature (°C)
A: Temperature factor when acceleration ratio becomes 2 (supplied by the manu-
facturer)
The above lifetime degradation estimation method is utilised to undertake the
experiments in the subsequent sections of this chapter.
7.4 Experiment 1: Ripple Current Measurements of Elec-
trolytic Capacitors
In order to study the impact of HF emissions on the lifetime of electrolytic capac-
itors used as the DC link in SMPSs, a simplified circuit of an SMPS was designed
resembling the key features of SMPS circuits used in DC power supplies and LED
drivers as shown in Figure 7.3. This SMPS circuit operates directly at 230 V/50 Hz
supply and no power factor correction is used. The circuit components followed by
the DC link are lumped into a resistive load and the component values are cho-
sen according to the design guides provided by commercial electronic equipment
manufacturers [110]. According to IEC 61000-3-2 [111], customer electronics hav-
ing a rated power less than 75 W are not required to use power factor correction,
and therefore the simple SMPS circuits used for the experiments provide a realis-











Figure 7.3: The simplified SMPS circuit used for experiments
As explained in Section 7.3, ESR value, surface temperature rise and ripple cur-
rent are all indicators of the useful lifetime of an electrolytic capacitor. Accelerated
life tests can be conducted based on the ESR of a capacitor to determine the impact
of HF distortions on its useful lifetime. Furthermore, surface temperature rise too
can be used to approximate the reduction of useful lifetime of an electrolytic ca-
pacitor in the presence of HF distortions in the mains supply. However, both these
methods are time consuming especially when it is required to repeat the experiments
for different HF voltage and frequency combinations to develop a complete under-
standing of the impact of HF distortions superimposed on the supply voltage on the
lifetime of an electrolytic capacitor used as the DC link of an SMPS. Consequently,
based on the practicalities associated with resource availability and time constraints,
it was decided to conduct Experiment 1 based on ripple current measurements of
the electrolytic capacitors. Accordingly, the SMPS circuit was designed such that
the DC link capacitor is connected to the circuit board by means of wires so that
the current flowing through the capacitor can be easily measured.
As illustrated in Figure 7.1, passing through the rectifier bridge of the SMPS,
even a clean 230 V/50 Hz supply gives rise to many low order frequency components
in the capacitor current. If the AC supply voltage is polluted by a low order harmonic
component, it gives rise to both low order and higher order harmonic components in
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the capacitor current. If the AC supply voltage is superimposed with HF distortions,
then the capacitor current exhibits many HF frequencies. Therefore, in order to
investigate the impact of HF distortions superimposed on the supply voltage on the
lifetime of an SMPS, the ripple current drawn by the DC link capacitor has to be
determined.
In order to calculate the ripple current, firstly, current through the DC link
capacitor was captured at a high sampling rate as explained in Section 3.3. After
performing FFT on the captured data to determine the magnitude of each frequency
component, (7.3.1) was used for ripple current calculations. During this experiment,
ripple current flowing through the DC link capacitor was calculated under the fol-
lowing scenarios.
• Test 1: The SMPS was supplied with a clean 230 V/50 Hz supply (base case
for comparisons - this was used to calculate IR in (7.6))
• Test 2: The SMPS was supplied with a single HF component with a fixed
voltage level superimposed on a clean 230 V/50 Hz supply. The capacitor
current was measured at different HF frequencies at 2 V. This test was repeated
with two different voltage levels (2 V, 10 V and 18 V).
• Test 3: The SMPS was supplied with a single HF component with a fixed
frequency superimposed on a clean 230 V/50 Hz supply. The capacitor current
was measured with different voltage levels of the HF component at 2 kHz. This
test was repeated at three different frequencies (4 kHz, 16 kHz and 30 kHz).
• Test 4: The SMPS was supplied with a group of HF components having an
aggregated HF voltage (Vhf ) of 10 V (calculated according to (7.5)), but with
different individual voltage magnitudes and phase angles.
Vhf =
√
V 21 + V
2
2 + ...+ V
2
n (7.5)
Tests 2 and 3 are quite similar to each other with Test 2 having a better reso-
lution in frequency and Test 3 a better resolution in voltage. This experiment was
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repeated for two different aluminium electrolytic capacitors; a low cost 22µF/400 V
electrolytic capacitor (Brand A) and an expensive 22µF/400 V electrolytic capacitor
(Brand B). While the manufacturers of Brand B capacitors have provided detailed
technical guidelines explaining how to calculate the useful lifetime of their prod-
ucts as presented in Section 7.3.1, no such details were found for the inexpensive
Brand A capacitors. Consequently, lifetime calculations were done only for the
Brand B capacitor. As for Brand A capacitor, another experiment involving surface
temperature measurements was carried out to obtain further insights related to its
lifetime degradation.
Shown in Figure 7.4 are the results of Experiment 1 under Test 2. There, the
ripple current ratio (IR) defined in (7.6) is used to provide a normalised view of the





Ir: Ripple current measured under a given scenario (mA)
Ir fund: ripple current when the SMPS is supplied with a clean 230 V/50 Hz supply
(mA)
IR: Ratio between the ripple current under a given scenario and the ripple current
when the SMPS is supplied with a clean 230 V/50 Hz supply
During Test 1 (ie. for the base case), Brand A capacitor exhibited a ripple current
of 207 mA whereas Brand B capacitor drew 338 mA. The ESR of each capacitor at
100 Hz at 20°C was 1.66 Ω and 3.22 Ω, respectively. As can be seen from Figure 7.4,
the variation of IR with with the HF frequency has the same basic trend for both
Brand A and Brand B. Up to a certain frequency, the IR increases rapidly and then
falls back with the increasing frequency. According to Figure 7.4, it is clear that
the ripple current is dependent on the frequency as well as the amplitude of the HF
component superimposed on the clean mains supply voltage. Further, the peak IR
exhibited by each curve shifts towards the low frequency end with increasing level of
156
0 5 10 15 20 25










0 5 10 15 20 25 30











Figure 7.4: Results of Test 2: Variation of IR with the frequency of the HF compo-
nent superimposed on the 230 V/50 Hz supply
HF voltage. An obvious difference between the two brands is the value of the peak
IR. Brand A capacitors exhibits a higher IR for the same HF voltage and frequency
superimposed on the supply voltage compared to Brand B capacitors.
Illustrated in Figure 7.5 are the results pertaining to Test 3. Again, both Brand A
and B show a similar variation of ratio IR with the increasing voltage. At a given
frequency, the ratio IR increases with the increasing voltage of the superimposed
HF component. However, the exact shape of the curve differs from one frequency
to another. Here, the HF voltages used are higher than the the level of typical HF
voltages found in low voltage electricity distribution networks. The increased levels
were used intentionally to minimise errors associated with measurements.
As stated previously, out of Brand A and B, only the manufacturers of Brand B
capacitors have provided detailed technical guidelines for lifetime calculations. There-
fore, only the lifetime of Brand B capacitors were established. The results of this
exercise are shown in Figure 7.6 where “LR” refers to the ratio between the useful
157
0 2 4 6 8 10 12 14 16 18










0 2 4 6 8 10 12 14 16 18












Figure 7.5: Results of Test 3: Variation of IR with the amplitude of the HF compo-
nent superimposed on the 230 V/50 Hz supply
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(a) Results of Test 2
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(b) Results of Test 3
Figure 7.6: Useful lifetime of Brand B capacitors
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lifetime of the DC link capacitor under a given scenario and the useful lifetime of
the same capacitor when the SMPS is supplied with a clean 230 V/50 Hz supply. As
can be seen from Figure 7.6, the HF voltages superimposed on the supply voltage
has a detrimental impact on the useful lifetime of electrolytic capacitors. When the
supply voltage has a HF component of 2 V at 4 kHz, the useful lifetime of Brand B
capacitor reduce to around 80% of its useful lifetime under clean supply conditions.
The useful lifetime of Brand B capacitor when used in the simple SMPS cir-
cuit were impacted by both the voltage and the frequency of the superimposed HF
component and there is no simple correlation between these two quantities and the
expected liefetime. For instance, considering only the curves pertaining to 4 kHz,
16 kHz and 30 kHz of Figure 7.6(b), it is plausible to draw a misleading conclusion
that for a given voltage magnitude of the HF component, the useful lifetime of the
capacitor improves with increasing frequency. However, it can be seen that the curve
pertaining to 2 kHz in Figure 7.6(b) violates this relationship having higher ratios
of LR at voltage magnitudes less than 12 V compared to the curve pertaining to
4 kHz and at voltage magnitudes less than 3 V compared to the curve pertaining to
16 kHz.
So far, the impact of individual HF components on the lifetime degradation of
electrolytic capacitors used as the DC link in small SMPS was investigated. How-
ever, more commonly, HF distortions occur as frequency bands rather than a single
frequency component. Therefore, Test 4 of Experiment 1 was designed to investigate
the impact of a group of HF components on the lifetime of electrolytic capacitors.
In Test 4, the SMPS was supplied with an aggregated HF voltage (Vhf ) of 10 V
superimposed on the standard 230 V/50 Hz supply. A total of nine scenarios were
investigated under different HF voltage magnitudes and absolute phase angles of
individual HF components (here, the term “absolute phase angle” refers to a phase
angle measured with respect to the rising edge of the fundamental voltage). The
results of this test are given in Table 7.1. Here,the voltages V1, V2 and V3 correspond
the frequencies 3.9 kHz, 4.0 kHz and 4.1 kHz respectively. The entities defined in
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(7.7) and (7.8) are used in the Table 7.1 for convenient comparison of the results
between the two capacitor brands. Due to the unavailability of α and β coefficients
pertaining to Brand A capacitors, the lifetime calculations were undertaken for
Brand B capacitor only.
IRatio =
Ir




LR for scenario 1
(7.8)
Table 7.1: Results of Test 4 of Experiment 1
Scenario V1 V2 V3 φ1 φ2 φ3 IRatio (A) IRatio (B) LRatio (B)
1 0 10 0 0° 0° 0° 1.00 1.00 1.00
2 5 7.071 5 0° 0° 0° 0.60 0.73 1.65
3 4 8.246 4 0° 0° 0° 0.56 0.76 1.59
4 4.5 7.714 4.5 0° 0° 0° 0.51 0.69 1.74
5 5 7.071 5 30° 30° 30° 0.60 0.74 1.64
6 5 7.071 5 30° 90° -60° 0.98 0.97 1.07
7 5 7.071 5 60° 150° 240° 0.74 1.07 1.46
8 5 7.071 5 5° 164° 64° 1.05 1.09 0.82
9 5 7.071 5 10° 178° 25° 1.14 0.81 0.78
Table 7.1 reveals useful information related to the behaviour of ripple currents
and the subsequent reduction of useful lifetime of electrolytic capacitors used as
DC links in small SMPS. Here, Scenario 1, with a single voltage at 4 kHz having a
magnitude of 10 V and a zero absolute phase angle has been used as the base case
to compare the results pertaining to all the other scenarios.
Comparing Scenario 1 with the others, it can be clearly seen that the ripple
current resulting from a group of HF voltages can be either higher or lower com-
pared to the ripple current resulting from a single HF component having a voltage
magnitude equal to that of the aggregated HF voltage (Vhf ). Scenarios 2 and 5 are
identical except for the absolute phase angles of individual frequency components.
The HF voltages corresponding to Scenario 2 have a zero absolute phase angle and
those of Scenario 5 have a phase angle of 30°. Regardless, both these scenarios yield
almost the same levels of IRatio and LRatio. This means that the positioning of the
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HF signal with regard to the fundamental voltage does not seem cause a difference
in the useful lifetime of electrolytic capacitors used in the experiment.
However, if individual frequency components have different absolute phase an-
gles, it can cause a variation of IRatio and LRatio even if the magnitudes of all the
individual HF voltages were maintained unchanged. A comparison of IRatio and
LRatio values pertaining to Scenarios 2, 6, 7, 8 and 9 demonstrate this. The un-
derlying reason behind this phenomenon is the phasor addition of HF components.
Depending on the absolute phase angles of the HF components, the composite HF
signal and its positioning on the fundamental AC voltage waveform get impacted
which in turn effects the envelop of the resultant waveform. This phenomenon is
illustrated in Figure 7.7 for Scenarios 2 and 9. As can be seen from Figures 7.7(a)
and 7.7(b), the peak-peak amplitude of the combined HF components of Scenario 9
is slightly greater than that of Scenario 2 even though the individual frequency
components associated with both the scenarios are the same. However, the most
dominant factor in this case is the relative placement of the combined HF voltage
waveform on the fundamental AC voltage waveform. Based on the absolute phase
angles of their individual HF components, the swells of resultant voltage envelope
pertaining to Scenario 9 occur at the peaks of the fundamental voltage waveform
whereas those associated with Scenario 2 occur at the zero crossings of the funda-
mental voltage waveform. This results in a considerable difference in the capacitor
currents between Scenarios 2 and 9 as illustrated in Figures 7.7(c) and 7.7(d).
7.5 Experiment 2: Surface Temperature Rise of Electrolytic
Capacitors
As described in Section 7.4, the useful lifetime of the Brand A capacitor was not
calculated during Experiment 1 based on ripple current measurements as the techni-
cal guidelines related to lifetime calculation were not available. Nonetheless, surface
temperature rise is another indication of the lifetime degradation of electrolytic
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(b) HF components of the supply voltage




































































(d) HF components of the capacitor current
Figure 7.7: Behaviour of supply voltage and capacitor current under two different
scenarios
162
capacitors. Therefore, the surface temperature rise of Brand A capacitors were
measured in Experiment 2 under different scenarios to obtain further insights into
their useful lifetime.
Twenty identical SMPS circuits having the circuit layout shown in Figure 7.3
were used in this experiment. Ten circuits (Control Set) were supplied by a clean
230 V/50 Hz supply using the waveform generator and the other ten (Test Set) were
supplied with a variable frequency/variable voltage HF content superimposed on
the standard voltage by means of the linear power amplifier. The voltages supplied
to the Test Set SMPSs during Experiment 2 are as follows.
• Test 1: 10 V signal at different frequencies ranging from 2 - 30 kHz (corre-
sponds to Test 2 of Experiment 1)
• Test 2: A single HF signal with a voltage ranging from 2 - 18 V at 2 kHz
(corresponds to Test 3 of Experiment 1)
In this experiment, the surface temperature of each capacitor was monitored
using a high resolution infrared (IR) camera. Once all the capacitors reached thermal
steady state, the surface temperature rise of each capacitor was recorded. Following
this, the average surface temperature rise of the Control Set capacitors and the Test
Set capacitors were calculated. The use of ten capacitors for measuring average
temperature rise reduces the measurement uncertainty due to component tolerances,
equipment sensitivities and human errors. This procedure was repeated for HF
distortions with different frequencies for Test 1 and HF distortions having different
voltage levels for Test 2.
Shown in Figure 7.8 is an IR image of the capacitors taken during Test 1 of
Experiment 2 when the superimposed HF voltage was 10 V. As can be seen, the
DC link capacitors of the Test Set SMPS which were supplied with HF exhibited a
higher temperature rise compared to the DC link capacitors of the Control Set SMPS
that were supplied with the standard clean supply only. The difference between the
average surface temperature rise of the Test Set capacitors and the Control Set
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Figure 7.8: An IR image of the Control Set (left) and Test Set (right) capacitors
during Test 1 of Experiment 2
capacitors (∆tTest −∆tControl) during Test 1 and Test 2 are shown in Figure 7.9.
Temperature measurements are time consuming due to the time required for the
system to reach steady state and consequently, lesser number of scenarios have been
considered in Test 1 and 2 of Experiment 2 compared to Experiment 1. Further,
Experiment 2 was conducted for several days and measures were taken to main-
tain the ambient temperature as constant as possible. However, it was practically
impossible to maintain all environmental factors constant in a busy laboratory en-
vironment throughout the full duration of Experiment 2. Consequently, rather than
considering the average temperature rise of the Test Set capacitors (∆tTest) and that
of the Control Set capacitors (∆tControl) separately, their difference has been used in
the analysis as shown in Figure 7.8 since it provides an indication of the excessive
heating experienced by the Test Set capacitors compared to Control Set capacitors
under the same environmental conditions.
According to the results of Test 1 of Experiment 2 shown in Figure 7.9(a), a
reduction of ∆tTest −∆tControl can be seen with the increasing frequency indicating
that the impact of a HF voltage of a given magnitude reduces as the frequency in-
creases. As Test 1 of Experiment 2 involved HF distortions having a magnitude of
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Figure 7.9: Results of Experiment 2
10 V, these results correspond to the ripple current results of Test 2 of Experiment 1
at 10 V shown in Figure 7.4(a) in the range of 2 - 30 kHz where a reduction of ripple
current with increasing frequency above 2 kHz was seen. Therefore, Test 1 of Exper-
iment 2 serves as a further confirmation of the findings of Test 2 of Experiment 1.
Figure 7.9(b) presents the results of Test 2 of Experiment 2 where, a rise of
∆tTest −∆tControl can be seen as the HF voltage applied to the Control Set SMPS
increase. The test was conducted at 2 kHz. This result is in alignment with the
increase of ripple current with increasing HF voltage shown in Figure 7.5(a) corre-
sponding to the Test 3 of Experiment 1. Both tests suggest a worsening of lifetime
degradation of electrolytic capacitors with increasing HF voltage supplied to the
SMPS.
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7.6 Experiment 3: Impact of Odd and Even Harmonics
/Supraharmonics (HF distortions) on the Lifetime of
Electrolytic Capacitors
During Test 1 of Experiment 2, a HF component of 10 V at 2.05 kHz was applied to
the Control Set SMPS superimposed on the standard 230 V/50 Hz supply although
it was by accident. As 2.0 kHz and 2.05 kHz are very close to each other, a similar
∆tTest − ∆tControl value was anticipated. However, when the test was repeated at
2 kHz, the observed ∆tTest − ∆tControl was different. This observation raised con-
cerns whether the impact a particular HF content has on the lifetime of electrolytic
capacitors used as the DC link of a small SMPS depends on that particular fre-
quency being an odd multiple or an even multiple of the fundamental frequency.
As a result, two tests were designed in Experiment 3, the first (Test 1) to test the
aforementioned hypothesis and the second (Test 2) to gain further insights into this
phenomenon, if the hypothesis was proven true.
If odd frequency components superimposed on the standard supply has a differ-
ent impact compared to that of the even frequency components on the lifetime of
electrolytic capacitors used as the DC link in small SMPS, it was hypothesised that
this phenomenon would be more prominent associated with low order harmonics
rather than in HF distortions. Consequently, the focus of Experiment 3 was not
limited only to HF distortions, but to include both low order harmonics and HF
distortions.
For convenience in referencing, the word “harmonics” will be used in this sec-
tion to refer to both low order harmonics and HF distortions. Experiment 3 was
conducted only on Brand A capacitors due to the limited availability of the high
resolution IR camera that was required to conduct the experiment.
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Figure 7.10: An IR image of capacitors during Test 1 of Experiment 3
7.6.1 Test 1
As explained above, Test 1 was designed to test the hypothesis that odd harmonic
voltages superimposed on the standard sinusoidal 50 Hz AC supply has a different
impact compared to those of the even harmonic voltages, on the lifetime of elec-
trolytic capacitors used as the DC link in small SMPS. Ten SMPSs were supplied
with a harmonic voltage of 10 V/300 Hz (even harmonic) superimposed on a clean
230 V/50 Hz supply (Test Set 1) and the other ten were supplied with a harmonic
voltage of 10 V/250 Hz (odd harmonic) superimposed on the same fundamental
voltage (Test Set 2). At the thermal steady state, the surface temperature of the
capacitors were recorded. During the experiment, the absolute phase angles of har-
monic voltages supplied to both Test Sets 1 and 2 were maintained constant (at
210°). Ten SMPS circuits were used in each test set to reduce the uncertainty in
temperature measurements.
Shown in Figure 7.10 is an IR image of the capacitors during Experiment 3 (ca-
pacitors pertaining to the SMPSs supplied with the even harmonic on the left and
those supplied with odd harmonic on the right). The average surface temperature
rise of Test Set 1 capacitors was 8.5°C and that of Test Set 2 was 4.0°C at an ambient
temperature of 22.2°C. This indicates a significant difference between the useful life-
times of capacitors supplied with odd harmonic voltages and even harmonic voltages
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superimposed on the standard AC supply. However, it was not possible to calcu-
late the expected lifetime of the capacitors (Brand A) since guidelines pertaining to
the lifetime calculations were not provided by their manufacturers as stated earlier.
Given below is a lifetime calculation based on the equations supplied by Brand B
manufacturers. This was carried out to develop a rough estimate of the level of
impact that can be expected based on the harmonic voltage being an odd multiple
or an even multiple of the fundamental frequency.
If the useful average lifetime of Test Set 1 capacitors under the given conditions
is L1 and that of Test Set 2 capacitors is L2, then
L1
L2



















Except for the frequency of harmonic component supplied, all other factors (such
as L0, Tm and Ta) were identical in both test sets. Therefore, (7.9) can be simplified

















According to the above calculation, the useful lifetime of Test Set 1 capacitors
is about 40% less compared to that of Test Set 2 capacitors. Based on this, it
can be assumed that a harmonic voltage of 10 V/300 Hz at 210° superimposed
on the standard supply voltage has an increased detrimental impact on the DC
link capacitors of the considered SMPS circuit compared to a harmonic voltage of
10 V/250 Hz at 210°. This shows that odd harmonic voltages and even harmonic
voltages have different levels of impact on the useful lifetime of electrolytic capacitors
used as the DC links in small SMPSs.
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Figure 7.11: Results of Part 1 of Test 2 of Experiment 3
7.6.2 Test 2
Since the results of Test 1 of Experiment 3 proved that odd harmonics and even
harmonics result in different levels of impact on the electrolytic capacitors used
as the DC link in small SMPSs, Test 2 was designed to explore this phenomenon
further. As temperature measurements are time consuming and keeping the ambient
conditions unchanged during long periods is practically challenging, it was decided
to use ripple current measurements in Test 2 of Experiment 3. Test 2 consists of two
parts based on the properties of the harmonic voltage superimposed on the supply
voltage as follows:
• Part 1: An SMPS was supplied with a harmonic voltage of 10 V and a phase
angle of 210° superimposed on the fundamental voltage. The harmonic fre-
quency was varied from 50 Hz to 4 kHz in steps of 50 Hz
• Part 2: An SMPS was supplied with a harmonic voltage of 10 V having dif-
ferent phase angles superimposed on the supply voltage. The frequency was
varied in the range of 50 Hz to 2.5 kHz in steps of 50 Hz
Shown in Figure 7.11 are the results related to Part 1 of Experiment 3. Here,
the test was conducted only at discrete data points indicated by markers. The
connecting lines are used merely to improve the visibility of the variation of Ir
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Figure 7.12: Capacitor current in frequency domain in Part 1 of Test 2 of Experi-
ment 3
related to odd harmonics and even harmonics. The results presented in Figure 7.11
can be used to verify the outcome of Test 1 of Experiment 3. The magnitude of Ir at
300 Hz is greater than the magnitude of Ir at 250 Hz giving rise to increased heating
and increased lifetime degradation. Further, it can be seen that the variation of Ir
related to odd harmonics (Ir,odd) exhibit an oscillatory behaviour compared to Ir
related to even harmonics (Ir,even). However, the oscillations pertaining to Ir,odd
gradually diminish with the increasing frequency.
To investigate this matter further, the recorded current waveforms were anal-
ysed using FFT. Based on this analysis, an interesting observation was made. The
frequency components in the capacitor current exhibit a different behaviour when
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the SMPS is supplied with an odd harmonic (superimposed on the standard AC
supply) compared to that when the SMPS is supplied with an even harmonic.
Shown in Figure 7.12 are the FFT spectra of the currents through the DC link
capacitor when the SMPS is supplied with two harmonics (one at a time) having
the same voltage magnitude but different frequencies (1 kHz and 1.05 kHz) super-
imposed on the standard 50 Hz supply. Figure 7.12(a) refers to a case where an
even harmonic of 1 kHz is superimposed on the supply voltage. As can be seen,
the first emission band has only odd frequencies whereas the second emission band
has only even frequencies. The third emission band has only odd frequencies again.
This pattern of interleaved odd and even frequency bands continue to occur but
their magnitudes decrease with increasing frequency. An important observation is
that even though two adjacent frequency bands can overlap with each other, their
frequency components would not, because if one frequency band has even harmon-
ics, the other has odd harmonics and vise versa. However, this is not the case when
an odd harmonic is superimposed on the supply voltage. Figure 7.12(b) shows a
case where a harmonic of 1.05 kHz is superimposed on the voltage supplied to the
SMPS. As can be seen, the frequency bands associated with the capacitor current
due to this odd harmonic have only even frequencies. As a result, when two adjacent
frequency bands overlap with each other, their frequency components also overlap
with each other resulting in vector summations. This is the root cause of variations
of ripple current associated with odd harmonics (Ir,odd) shown in Figure 7.11.
Since there are phasor summations of frequency components that take place in
the capacitor current when the SMPS is supplied with an odd harmonic superim-
posed on the main 50 Hz voltage, it was assumed that there could be a variation of
the ripple current based on the phase angle of the harmonic voltage. This was the
motive behind Part 2 of Test 2 for which the results are shown in Figure 7.13. It
is to be noted that the test was conducted only at either discrete odd frequencies
or discrete even frequencies in the considered frequency range, and the continuous
curves are used merely for presentation purposes only. The discrete data points are
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(a) Supply voltage having even harmonics


























(b) Supply voltage having odd harmonics
Figure 7.13: Impact of phase on the ripple current flowing through the DC link
capacitor
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Figure 7.14: Current through the DC link capacitor when the SMPS is supplied
with a harmonic voltage of 200 Hz
not shown in Figure 7.13 to improve clarity.
As expected, Ir,odd shows a considerable dependence on the phase angle as illus-
trated in Figure 7.13(b). Oscillations of Ir,odd decrease with increasing frequency as
can be seen in Figures 7.11 and 7.13(b). Furthermore, according to Figure 7.13(a),
Ir,even also exhibits a phase dependence at low frequencies. While there is no pha-
sor summation between adjacent frequency bands, there is an overlap between the
frequency components of the second emission band (even frequencies) with the fre-
quency components already present in the capacitor current caused by the funda-
mental supply voltage (again even frequencies). This can be seen in Figure 7.14
where the FFT spectrum of the current through the DC link capacitor is shown
when when the SMPS was supplied with a harmonic voltage of 200 Hz superim-
posed on the mains voltage supply. Further, at low frequencies, the emission bands
are very close and overlapping of frequency components in interleaved frequency
bands also become possible. However, as the frequency of even harmonics increases,
this impact diminishes rapidly.
Figure 7.15 shows the spectra of current drawn by the DC link capacitor when the
SMPS is supplied with odd harmonics having different frequencies superimposed on
the mains voltage. The red ovals in Figure 7.15 depicts the effect of overlap between
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(a) 10 V at 1.05 kHz superimposed on the supply voltage




























(b) 10 V at 2.45 kHz superimposed on the supply voltage




























(c) 10 V at 4.45 kHz superimposed on the supply voltage
Figure 7.15: Capacitor current under different odd harmonics
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frequency bands. With increasing frequency of the odd harmonic, the adjacent
frequency bands of the capacitor current get further away from each other reducing
overlaps which leads to less oscillations of Ir,odd with increasing frequency. Similar
observations with regard to odd and even frequency harmonics were made in the
ripple current of Brand B capacitors as well. A basic theoretical explanation to this
phenomenon is provided in Section 7.7.
7.7 Theoretical analysis of the open circuit voltage of a
diode bridge rectifier
It is clear that there is a difference in the impact of odd harmonics and even harmon-
ics (superimposed on the supply voltage) on the lifetime of electrolytic capacitors
used as the DC link in small SMPS (here, both harmonics and HF distortions will be
collectively referred to as “harmonics” for ease of referencing). Further, the reason
behind the above impact can be identified as the difference in DC link capacitor
current caused by odd harmonics and even harmonics. However, the root cause of
this difference in the capacitor current is still not known. Therefore, an analytical
study is required to identify the reason for this difference. Since an electrolytic ca-
pacitor subjected to a sinusoidal voltage does not exhibit this type of a behaviour
associated with odd harmonics and even harmonics superimposed on it, the focus
was narrowed down to the diode bridge rectifier. Consequently, the output of a
simple diode bridge rectifier (shown in Fig. 7.16) was analysed using Fourier series
to identify the link between this difference and the rectification process.
Considering that the supply voltage Vs consists of the fundamental component
and a harmonic component, it can be written as;
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Figure 7.16: A diode bridge rectifier
Vs(t) = V sin θ + Vh sin(hθ + α) (7.11)






V : Peak magnitude of the fundamental voltage component
Vh : Peak magnitude of the harmonic voltage component
t: time
f : fundamental frequency
fh: frequency of the harmonic component
α: absolute phase angle of the harmonic component
Passing through the diode bridge, the fundamental voltage is subjected to full
wave rectification with the harmonic voltage superimposed on it. Considering that
Vh is sufficiently small (<5%) compared to V , only the direct transfer of frequencies
is considered in the subsequent analysis neglecting the switching instant modulation
caused by the harmonic content. Consequently, the Fourier analysis of the output






Figure 7.17: Output of the diode bridge rectifier (vL)
Vo(f) = a0 +
∞∑
n=1



















Here “n” represents individual frequency components in Vo. According to Fig-
ure 7.17:
For 0 ≤ θ ≤ π,
Vo(t) = V sin θ + Vh sin(hθ + α) (7.18)
Subsequent to substitution of (B.1) in (7.15), (7.16) and (7.17) and simplification,







(cos(hπ + α)− cos(α)) + 2V )] (7.19)







































































































Here, (7.14), (B.2), (B.5) and (B.6) provide a complete frequency domain rep-
resentation of Vo. As can be seen, a single harmonic component superimposed on
the supply voltage gives rise to many frequency components (many n values) in the
output voltage of the diode bridge. Since harmonics are integer multiples of the fun-
damental frequency, the resultant frequency components in Vo (“n”s) too are odd
and even multiples of the fundamental frequency. Based on this, an and bn can be






The peak magnitude of a single frequency component of the output voltage
(Vo,mag(n)) can be expressed as (B.7). Therefore, a careful look at Table 7.2 proves
that odd harmonics in Vs results in only even harmonics in Vo (because an and
bn associated with odd “n” are zero for odd “h”) whereas even harmonics in Vs
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give rise to both odd and even harmonics in Vo. Therefore, the effect of full wave
rectification on the voltage supplied to the DC link capacitor can be identified as the
root cause behind odd harmonics and even harmonics in the supply voltage giving
rise to different levels of impact on the electrolytic capacitors used as the DC link
in small SMPSs.
7.8 Chapter Summary
The experiments presented in this chapter were intended to establish a preliminary
understanding on the impact of HF distortions on the lifetime of customer equip-
ment. As most electronic appliances use SMPS, the focus was narrowed down to the
SMPS where the DC link capacitor is considered as the most vulnerable component
in the presence of HF disturbances in the AC supply. According to the experimental
results, it can be concluded that the HF voltages superimposed on the grid supply
have a detrimental impact on the lifetime of the electrolytic capacitors used as the
DC link in small SMPSs.
The results suggest that, at a given ambient temperature, the impact of the grid
HF voltages on the lifetime of the electrolytic capacitor used as the DC link is highly
dependent on the frequency and the magnitude of the HF voltages present in the
mains supply. Moreover, it was shown that in the presence of a set of HF voltages
in the grid supply, the absolute phase angles and the magnitudes of individual HF
components play an important role on the useful lifetime of the DC link capacitor.
As this study was based on a common SMPS circuit rather than a single equipment
or a single electrolytic capacitor, the experimental findings are applicable to a vast
range of PE equipment using similar SMPSs.
Further, it was experimentally shown that odd harmonics present in the supply
voltage have a different impact on the lifetime of DC link capacitors compared to
even harmonics. Further investigations proved that this phenomenon has a strong
correlation with the phase angle of the harmonic voltage. However, the difference







This chapter presents the contributions made by the work presented in this thesis:
to develop a new conceptual framework for the analysis and study of HF distortions
and to develop a comprehensive set of international standards covering the same
frequency band. Along with the contributions, the conclusions drawn from the work
are presented followed by recommendations for future work.
8.1 Conclusions and Contributions
As stated in Chapters 1 and 2, present knowledge on HF distortions is extremely
limited and the related research is still in its infancy. Nonetheless, an elevation
of HF levels in the electricity distribution networks is observed worldwide due to
the increased use of PLC communication technologies and increased number and
capacity of equipment with power electronic interfaces.
Noting the importance of regulation of HF levels in electricity distribution net-
works, international standardising bodies such as IEC have paid their attention to
developing standards related to HF distortions. This is evident from the release of
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IEC 61000-2-2:2002+A1:2017+A2:2018 standard specifying the compatibility levels
in the frequency range of 2 - 150 kHz for public low voltage networks. However, a
comprehensive set of international standards covering the full frequency range of 2 -
150 kHz has not been developed yet. The main obstacle in such work is the limited
knowledge pertaining to the origin, propagation and effects of HF distortions. The
work presented in this thesis was aimed at filling this knowledge gap. The major-
ity of the research work was based on field measurements and experiments as the
present understanding of HF distortions do not facilitate comprehensive theoretical
analyses.
8.1.1 HF Measurements and Analysis
As the work presented in this thesis involved field measurements and controlled
laboratory experiments, the HF measurements and subsequent analysis were paid
the due attention. There are three different measurement methods suggested in
IEC 61000-4-30 for HF measurements. Among these, extending the method pre-
sented in IEC 61000-4-7 over the frequency range of 2 - 9 kHz up to 150 kHz was
identified as suitable in order to maintain the consistency of measurements between
the frequency ranges 2 - 9 kHz and 9 - 150 kHz.
HF measurement data can be analysed in three different ways, namely; time
domain analysis, frequency domain analysis and combined time-frequency analysis
with each having its own pros and cons. These analytical methods play an impor-
tant role in identifying complex behaviour pertaining to HF distortions. Nonetheless,
when analysing stationary HF signals such as those emitted by small-scale PV in-
verters, frequency domain analysis was identified as both convenient and sufficient
whereas frequency aggregation was concluded beneficial.
8.1.2 The new digital, offline, zero phase HP filter
In HF measurements, the use of a HP filter is mandated in both IEC 61000-4-7 and
IEC 61000-4-30 to control spectral leakage. Consequently, a new zero phase HP filter
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with advanced magnitude and phase characteristics that is superior compared to the
existing HP filters designed for HF measurements was proposed. This digital, offline,
zero phase, high pass (HP) filter was synthesised to be used for HF measurements
along with a measuring instrument having a resolution and a measurement range
not less than 16 bits and 400 V, respectively. It was shown that, the proposed
filter successfully attenuates the fundamental and low order harmonics below 2 kHz
while preserving magnitude and phase details of the HF components. Its near ideal
magnitude characteristic and the zero phase response were demonstrated using the
results of two experiments. Further, it was shown that due to the zero phase response
of the proposed filter, no waveform distortion occurs in the filtered waveform, thus
preserving its original shape: an important attribute of a waveform in time domain
analysis.
Only two filters can be found in current literature that are synthesised specially
for HF measurements. Compared to those two filters, the proposed filter demon-
strated superior performance in both magnitude and phase responses. Therefore, it
is recommended to use the proposed zero phase HP filter for grid HF measurements
if a measuring instrument having a measurement range of 400 V and a resolution of
at least 16 bits is available.
8.1.3 HF emissions
HF emissions from some commonly used PE equipment were analysed in this thesis.
It was identified that HF emissions from different PE equipment differ in many
ways, such as their spectral characteristics (broadband vs narrowband emissions),
time variability (constant vs time varying), and the level of HF emissions. It was
observed that the factors influencing their HF emissions such as supply voltage and
ambient conditions too vary from one device to another. Based on experimental
observations, EV chargers and PV inverters were identified as major HF sources in
domestic installations.
Further experiments related to EV chargers discovered that HF emissions arising
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from DC fast charging is influenced by the characteristics of both the charger and the
vehicle being charged. During DC fast charging, HF currents demonstrated the same
switching frequency and spectral characteristics regardless of the EV being charged
(as the same charger was used). However, the HF emission stages followed (constant
HF emissions, decaying HF emissions) during one charging cycle were observed to
be strongly correlated to the EV being charged. The HF emissions from the two
EVs illustrated very different HF emissions when charged by their corresponding
Level 1 on on-board chargers, with one EV having variable frequency narrowband
emissions and the other having fixed frequency broadband emissions. As one of
the first experiments on HF emissions associated with EV chargers, this experiment
provided important insights for future modelling attempts of EV chargers in the
frequency range of 2 - 150 kHz. The observations made regarding the difference
of HF emissions from different EVs are in line with the other work presented in
literature related to on-board charging whereas the work related to DC fast charging
is the first of its kind [5, 37].
According to the experimental results of small-scale (output power ≤ 10 kW),
grid-tied, single phase PV inverters, HF emissions from the PV inevrters were found
to be lowest in the case of low frequency inverters, moderate for high frequency
inverters and highest in the case of transformer-less inverters. These observations
were in line with the HF attenuation properties of the transformers. It was observed
that transformer-less inverters exhibit a strong dependance of their HF emissions
on the MPPT voltage whereas no such correlation was seen in inverters with trans-
formers. This behaviour was attributed to the operation of the DC-DC converter in
transformer-less inverters. Furthermore, some PV inverters exhibited variations in
HF emissions under different power output levels. However, it was concluded that
this behaviour could not be attributed to the topology of the PV inverter.
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8.1.4 HF models of small-scale PV inverters
Models in the frequency range of 2 - 150 kHz for transmission system components
such as overhead lines, cables and transformers which have been developed over
many years, for purposes such as transient studies, insulation coordination and
PLC communication. However, in order to perform theoretical studies or network
simulations at HF frequencies, HF models pertaining to many other equipment
should be developed. Consequently, a generic process to develop HF models of
small-scale (< 5 kW), grid-tied, single-phase PV inverters was presented. This
work was among the very first successful attempts in developing HF models of PV
inverters.
The proposed model development process involved a black box approach com-
prising controlled experiments, data processing, optimisation and curve/surface fit-
ting. Accordingly, the first black box models of PV inverters for HF frequencies
were developed based on three PV inverters that are commonly used in domestic
and commercial installations, assuming standard network conditions. Moreover, it
was statistically proven that these models can capture the HF performance of the
selected PV inverters with less than 6.5% error with a 95% confidence. The work
presented is further strengthened by the approach presented in [93] for the devel-
opment of HF models of PWM based converters: independent research done in
Germany in parallel to the work presented in Chapter 5.
8.1.5 Application studies pertaining to the developed HF models
Conducting comprehensive theoretical studies and/or simulations pertaining to HF
frequencies is difficult as HF models of many equipment are yet to be developed.
However, an effort was taken to establish the basic concepts related to theoretical
HF studies employing the already developed PV inverter models.
Depending on the HF sources and sinks involved, four different types of HF
scenarios were identified as follows:
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• Type 1: Only one HF source is present in the circuit/network.
• Type 2: More than one HF source is present in the circuit/network, but their
HF emission bands do not overlap with each other
• Type 3: More than one HF source with overlapping HF emission bands is
present in the circuit/network, however, there is no overlap between their
individual HF frequencies
• Type 4: More than one HF source with overlapping HF emission bands and
overlapping individual HF frequencies is present in the circuit/network
Type 4 scenarios were considered rather theoretical as no two PE equipment
(even of the same make) will have exactly the same switching frequency due to
reasons such as component tolerances and their ageing. Methods to conduct theo-
retical HF studies for scenarios 1, 2 and 3 were proposed. The basic concepts used
in these analysis methods were frequency aggregation, circuit theory analysis and
superposition principle.
In order to validate the aforementioned analysis methods, experiments were con-
ducted covering Type 1, 2 and 3 scenarios. The most significant challenge pertaining
to these studies was the unavailability of HF models for equipment other than the
PV inverters. Consequently, crude HF models were developed for these equipment
considering only the particular operating condition each device was operated during
the experiments. The close agreement between experimental and theoretical results
confirmed the validity of the proposed analysis methods for HF studies.
An important observation made during these experiments was that modern PE
equipment tend to absorb HF currents from other HF sources. Their small input
impedance at HF frequencies reduce the impedance seen by the HF sources and
promotes further HF current emissions. These emissions mainly flow between the
neighbouring PE equipment rather than propagating upstream into the electricity
distribution network.
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8.1.6 Lifetime degradation of grid connected equipment in the pres-
ence of grid HF distortion
Several experiments were designed to develop a preliminary understanding on the
impact of grid HF distortions on the lifetime of customer equipment. As many
electronic appliances use small SMPSs with no power factor correction, the focus
was narrowed down to their most susceptible component in the presence of HF
disturbances; the electrolytic capacitor used as the DC link.
The results suggest that, at a given ambient temperature, the impact of the grid
HF voltages on the lifetime of the electrolytic capacitor used as the DC link is highly
dependent on the frequency and the magnitude of the HF voltages. Moreover, in
the presence of a set of HF voltages in the grid supply, the absolute phase angle
and the voltage magnitude of individual HF component play an important role on
the useful lifetime of the DC link capacitor. As this study was based on a common
SMPS circuit rather than a single equipment or a single electrolytic capacitor, the
experimental findings are applicable to a vast range of PE equipment using similar
SMPSs.
Further, it was experimentally shown that odd harmonics present in the supply
voltage have a different impact on the lifetime of DC link capacitors compared to
even harmonics. Further investigations demonstrated that this behaviour has a
strong correlation with the absolute phase angle of the harmonic voltage. However,
it was observed that the difference between the impact of odd harmonics and even
harmonics diminish with the increase in harmonic frequency.
8.2 Recommendations for Future work
HF distortions is a novel field of research that offers a wide range of opportunities
for further research. Some of the major challenges (and also research opportunities)
in this field include, but not limitted to, the lack of standardised measurement
methods, absence of a universally accepted summation law for HF emissions from
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different sources, scarcity of suitable HF models of equipment for simulation and
theoretical studies, and limited knowledge on the emission characteristics of different
equipment/propagation behaviours of HF distortions and impact of elevated HF
levels in electricity distribution networks. A successful attempt was exercised to
broaden the horizons of present understanding on HF distortions through the work
presented in this thesis, however, there is always room for improvements and further
research. Following is an indicative list of interesting areas for further research
related to the work presented in this thesis.
• Online implementation of the proposed digital, zero-phase HP filter
• Exploration of the HF emission behaviour of more equipment in detail that
will facilitate the development of emission standards for HF distortions
• Encompassing the variations of mains supply voltage in the HF models devel-
oped for small-scale, single-phase, grid-tied PV inverters
• Determination of the amount of data required to achieve a certain level of
accuracy in developing HF models for small-scale, single-phase, grid-tied PV
inverters based on the approach described in Chapter 5
• Development of HF models of three phase PV inverters and other PE equip-
ment
• Further investigations on the impact of HF emissions on PE equipment (such
as generation of acoustic noise) for setting equipment immunity levels in the
frequency range of 2 - 150 kHz
• Exploration of lifetime degradation of equipment having different PE interfaces
other than SMPSs in the presence HF voltages superimposed on the supply
voltage
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Rosa, and M.H.J. Bollen. LED street lighting: A power quality comparison
among street light technologies. Lighting Research & Technology, 45(6):710–
728, 2013.
[37] J. Meyer, S. Mueller, S. Ungethuem, X. Xiao, A. Collin, and S. Djokic.
Harmonic and supraharmonic emission of on-board electric vehicle chargers.
In IEEE PES Transmission & Distribution Conference and Exposition-Latin
America (PES T&D-LA), pages 1–7. IEEE, 2016.
193
[38] CIGRE. Technical Brochure 672, power quality aspects of solar power, 2016.
[39] Bin Wu, Yongqiang Lang, Navid Zargari, and Samir Kouro. Power conversion
and control of wind energy systems, volume 76. John Wiley & Sons, 2011.
[40] Ricardo Torquato, Walmir Freitas, Gláucio R.T. Hax, Antônio R. Donadon,
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(a) Time domain analysis - unfiltered

















(b) Time domain analysis - filtered


















(c) Spectrum from 2 - 50 kHz



































(d) Spectrogram - filtered
Figure A.1: HF emissions from an inverter based air-conditioner
















(a) Time domain analysis - unfiltered

















(b) Time domain analysis - filtered


















(c) Spectrum from 2 - 50 kHz




































(d) Spectrogram - filtered
Figure A.2: HF emissions from a compact fluorescent lamp
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(a) Time domain analysis - unfiltered

















(b) Time domain analysis - filtered
















(c) Spectrum from 2 - 50 kHz



































(d) Spectrogram - filtered
Figure A.3: HF emissions from a desktop computer


















(a) Time domain analysis - unfiltered















(b) Time domain analysis - filtered



















(c) Spectrum from 2 - 50 kHz





































(d) Spectrogram - filtered
Figure A.4: HF emissions from a DC fast charger - Phase A
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(a) Time domain analysis - unfiltered













(b) Time domain analysis - filtered
















(c) Spectrum from 2 - 50 kHz


































(d) Spectrogram - filtered
Figure A.5: HF emissions from a refrigerator (non-inverter based)


















(a) Time domain analysis - unfiltered














(b) Time domain analysis - filtered
















(c) Spectrum from 2 - 50 kHz


































(d) Spectrogram - filtered
Figure A.6: HF emissions from an air-conditioner (non-inverter based)
Appendix B
Errors associated with using fc for
grid impedance calculations
associated with HF studies related
to small-scale, single-phase,
grid-tied PV inverters
HF emissions from small-sacle, single-phase, grid-tied PV inverters occur as fre-
quency bands where the first emission band is observed to carry the majority of HF
emissions. These HF emissions are aggregated and represented as a single emission
level at the centre frequency (fc) in the HF models proposed in Chapter 5. When
using these HF models in theoretical studies, the impedances associated with the
connected equipment and the grid impedance should be measured at fc rather than
at individual HF frequencies of the considered PV inverter, due to frequency ag-
gregation used in the models. The plausible errors associated with this approach is
explored in this appendix.
A schematic representation of the first HF emission band of a typical small-scale,
single-phase, grid-tied PV inverter is shown in Figure B.1 (refer to Figures 4.20 and
207
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5.8 for practical examples). Usually there are four significant individual frequency
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Figure B.1: The first HF emission band of a typical small-scale, single-phase, grid-
tied PV inverter
Based on aggregated HF current (Ihf ) and aggregated HF voltage (Vhf ), the grid




























































The variation of resistance with frequency in a range of 0.8 kHz is very small
compared to the corresponding variation in capacitance and inductance. Considering
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Here, ∆f = 50 Hz as individual frequency components are apart from each
other by 100 Hz. Further, the impact of frequency aggregation is worst when fc is
small. As fc of small-scale, single-phase, grid-tied PV inverters is usually greater
than 15 kHz, fc = 15 kHz can be considered as the worst-case scenario. Therefore,




























∣∣∣1−√1 + 0.000056∣∣∣ (B.16)
Error ≈ 0 (B.17)
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Therefore, the errors involved in using fc for the calculation of inductive reac-
tance in relation to HF studies in the scenario of small-scale, single-phase, grid-tied
PV inverters is negligible. Similarly, it can be shown that use of fc for the calculation
of capacitive reactance also leads to negligible errors.
HF emissions from some small-scale, single-phase, grid-tied PV inverters occur as
a set of frequency components centered at fc with the centre frequency component
appearing at fc (unlike in Figure B.1 where no HF component is seen at fc). Use
of a similar approach as presented above, it can be shown that errors associated
in using fc for grid impedance calculations pertaining to such PV inverters too are
small.
